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ABSTRACT
A mechanically balanced oscillating inclined digger
blade mechanism was designed and constructed to evaluate 
the effects of vibration on soil break-up and power 
requirements. Changing the levels of amplitude, frequency, 
and forward travel speed, twenty-seven combinations of such 
parameters were tested in two different soil conditions. 
Soil conditions for this study are based on a silt loam 
soil with moisture contents of 16 and 15 percent (w.b.),
dry densities of 1440 and 1310 Kg/m3, and cone indices of
0.82 and 0.41 MPa for hard and soft soil conditions,
respectively. The variables measured were geometric mean 
diameter (GMD) and its log standard deviation of soil
clods, draft, mean torque, and maximum torque. Power 
requirement was derived by summing draft and shaft power 
based on the draft and maximum torque.
Soil conditions changed the draft, maximum torque, and 
total power requirements but no significance was observed 
for GMD and mean torque. Vibration effects were significant 
on the torque and total power requirements but only 
amplitude caused significant differences in the responses 
of GMD. Forward travel speed resulted in significant 
change in the draft and total power requirements. The 
major portion of total power was used as shaft power to 
oscillate the vibrating mechanism.
x i v
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CHAPTER I
INTRODUCTION
Modern farm tractors can develop more power than can 
be transmitted to draft tillage tools through the tires 
without adding additional weight. The additional weight 
causes increased soil compaction resulting in poor 
aeration, lower water infiltration and drainage rates, 
reduced water-holding capacity, and greater mechanical 
impedence to plant roots. One method of reducing the 
requirement for large wheel weights is to reduce the draft
of the tillage tool by transmitting power directly to the
tool by a means other than drawbar pull. A promising
method of transmitting this power is by mechanically moving
a portion of the tillage implement in such a manner as to
apply forces to the soil in a more efficient manner. Even 
if the mechanical transmission of power to the tool results
in the same overall power requirement, an increase in
efficiency would result due to the more efficient 
transmission of power through mechanical means rather than
through the soil-tire relationship.
The oscillation of soil-working parts on tillage
implements reduces draft and permits the use of lighter
tractors. Power not utilized by draft, because of traction
limitations, is available through the tractor power
1
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2take-off to oscillate soil-working parts of tillage
implements.
Moldboard plows, subsoilers and other non-vibrating
tillage tools used in root-crop harvesting require large
tractors to produce the traction required to pull them
through the soil. Consequently these tractors are always
overpowered. Vibrating digger blades have been shown to 
reduce draft dramatically, 70 percent in one reported test. 
Additionally, the average clod size is reduced considerably 
making soil-root separation easier. The reduction in draft 
would make it possible to use smaller tractors. Because 
root crops often grow as deep as 50 cm, harvesting can be a 
very labor intensive and inefficient task. Large amounts 
of soil must be removed to expose the roots and, if it is
not conditioned sufficiently, as much as 25 percent of the 
edible roots may be left unrecovered.
The use of oscillating blades for harvesting potatoes 
has been proposed by many researchers with the objectives 
of reducing potato damage and losses, reducing the power
required to pull the harvester through the soil, and
improving the separation efficiency of potatoes from soil. 
Harvesting losses can be reduced by producing small clod 
sizes which in turn improves the potato recovery rate.
Many researchers have reported a reduction in the average 
draft of tillage equipment by vibrating tillage tools, and
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
some researchers concluded that the energy input to the 
soil with an oscillating blade is related to the clod size 
distr ibut ion.
Oscillating blades substantially reduce the size of 
clods produced compared with non-vibratory tools. This 
reduction in clod size may be due to one or more factors 
including vibratory frequency, amplitude, forward speed, 
soil strength, tool geometry, digging depth, and direction 
of vibration.
The objectives of this study were:
1. To design, construct, and instrument a mechanically 
balanced vibrating digger blade for root crop harvesting, 
and
2. To evaluate, in two soil conditions, the effects of 
amplitude, frequency, and forward travel speed of the blade 
on the draft and vibrating power requirement, and on clod 
size reduction.
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CHAPTER II
REVIEW OF LITERATURE
2.1 Tillage Tool Vibration
Many tests on various kinds of vibratory machines 
indicate that the tractive force required to pull them is 
reduced by 25 to 70 percent compared to no vibration 
(Brixius and Weber, 1975; Dubrovskii, 1968; Gunn and 
Tramontini, 1955; Hendrick and Buchele, 1963; Smith, et.
al., 1972; Weber and Brixius, 1973), total energy is
decreased or increased (Butson and MacIntyre, 1981; 
Dubrovskii, 1968; Gunn and Tramontini, 1955; Hendrick and
Buchele, 1963), the quality of tillage is improved and clod 
size of the vibratory tilled soils is greatly reduced
(Johnson and Buchele, 1969; Saqib, et.al., 1982).
In an extensive review of the literature on
oscillating tillage tools Verma (1971) concluded that (1)
in general there is a reduction in the energy requirement
due to oscillation, and vibration reduces the draft
required to pull a tillage tool, (2) clod size of the 
tilled soil is markedly reduced compared to conventional 
tillage, and (3) total power, draft, and clod size 
reduction are frequency-dependent.
l*
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Hendrick and Buchele (1963) reported that a rigid tine 
had a minimum draft reduction of 35 percent when vibrated 
at frequencies slightly higher than the natural frequencies 
of soil shearing action. Total energy is usually higher 
than for non-vibrating tools because more energy is used in 
accelerating soil. Vibratory tillage usually results in 
finer soil particles than non-vibrating tillage.
Dubrovskii (1968), in a review of studies with
vibratory plows, showed a 20 to 35 percent decrease in 
tractive resistance compared to non-vibratory plows while 
tilling at a speed of 3.6 km/hr and a frequency of 30 Hz. 
Tests with an experimental vibrating mole plow showed the 
possibility of achieving substantial power reduction. The 
maximum power reduction of 50 percent corresponded to a
forward velocity of 1.1 km/hr of the implement and a
frequency of 33 Hz. Further increases in forward velocity 
caused vibratory efficiency to fall to zero at 4.7 km/hr.
Vibration of cultivators by oscillation in the 
horizontal plane (Dubrovskii, 1968) reduced tractive
resistance up to 60 percent and total energy consumption by 
40 percent when the tests were conducted with an amplitude 
of 7 mm, a frequency of 32 Hz, an average forward speed of
4.5 km/h, and a depth of cultivation of 0.15 m. Vibratory 
potato plows reduced the draft of a potato combine by 26 
to 53 percent.
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6The literature further revealed that the specifics of 
vibratory tillage are rather complicated. The total 
effects include: (1) the geometry of the soil-working tool, 
(2) the mode of vibration, and (3) the soil conditions. To 
develop significant tillage tool design information it 
appears that each principal geometry must be investigated 
separately. The simplest form, and the most useable one,
for digging root crops is the inclined plane (Gill and 
Vanden Berg, 1968). Gill and Vanden Berg further explain 
that there are four types of soil failure during tillage. 
These are shear, tension, compression, and flow failure. 
Shear failure is the most common for most agricultural 
soils. The number of shear planes that are formed per unit 
length of forward travel for a given tillage tool in a 
given soil condition is known as the natural shear plane 
formation frequency. Flow failure is very similar to shear 
failure but does not result in definite shear planes. 
Consequently, flow failure produces smaller clod sizes and 
typically represents the action of vibratory tillage. 
Shear failure with a non-vibrating tillage tool and flow 
failure with a vibrating tillage tool was observed in 
Rosemount silt loam soil (17 % sand, 53 % silt, 30 % clay) 
(Smith, et. al., 1972).
Brixius and Weber (1975) used a parameter A= &>A / Vt 
to explain soil failure, where Vt was the forward speed of
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
the tractor, a> was the angular velocity of the tool, and 
A was the zero-to-peak amplitude of vibration in the 
horizontal direction. The soil failure, analyzed by a
high-speed movies, tended to be flow failure from shear or 
tension failure as the value of A approaches to 2.44. 
But they concluded that the type of failure was basically 
dependent upon the type of soil, the angle of oscillation, 
and the frequency.
Butson and MacIntyre (1981) also used the same 
parameter. They reported no draft reduction when was 
less than 1, but draft reduction greater than 50 percent 
was observed when A was greater than 1. These reductions 
could only be achieved at the expense of a substantial 
increase in total power consumption. They also concluded 
that the application of vibration always resulted in a
power increases. Even when the velocity ratio A was less 
than 1 and there was no reduction in draft, power increases 
of 200 percent were not exceptional. This conclusion is 
contradictory to that of other researchers that power could 
be reduced by vibration (Dubrovskii, 1968; Gunn and 
Tramontini, 1955; Hendrick and Buchele, 1963). Hendrick 
and Buchele (1963) introduced a parameter k = Vt/<uA, which 
is a reciprocal of the A used by Brixius and Weber (1975), 
to explain draft reduction. They concluded that a rapid 
reduction in draft occurred when the forward speed of the 
tractor was reduced in comparison with the oscillating
r  .
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velocity, that is, when k is less than 1.
Based on previous studies Hendrick and Buchele (1963) 
devised a series of laboratory experiments using an 
inclined plane on which the leading edge was vibrated by 
pivoting it through a small angle about a pivot point on 
the trailing edge. They found: (1) that draft reduction 
was greatest as the combination of forward speed and 
vibration frequency approached the natural shear plane 
formation frequency of the soil, (2) that about 50 percent 
of the total draft was required to cut the soil as opposed 
to lifting and breaking it, (3) that the leading edge of a
vibrating blade should oscillate in the direction of 
forward motion to minimize frictional resistance, and (4) 
that there was better soil crumbling with vibration than
without. Of these four results the third one was supported 
by Sharma, et. al. (1977). They reported that soil-metal
sliding fricton decreased by vibrating the tool in a 
direction perpendicular to the plane of soil. The extent 
of this reduction depended upon the ratio of the slipping 
velocity of the contact surfaces to the velocity of 
vibrations (product of amplitude and frequency). The 
reduction in friction was high when this ratio was low.
Three studies of field applications of vibrating
potato digger blades were found. Johnson (1974) used a 
blade with a fore and aft motion and reported a 50 percent
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reduction in damage to white potatoes and a maximum of 60 
percent draft reduction compared to rigid operation of the 
blade. Al-Jubouri and McNulty (1980) also tested a 
vibrating digger blade for white potatoes, reporting damage 
of less than 5 percent at certain frequencies and
amplitudes of oscillaton and maximum draft reductions of 70 
percent. The mode of vibration was described as orbital. 
Both of these investigators maintained that the soil flowed 
more freely over a vibrating blade than it did over a rigid 
one.
Saqib, et. al. (1982) measured the effects of the
vibrating blade on soil clod size and reported that clod 
size was reduced as frequency and amplitude increased and 
as velocity decreased. In compacted soil only the 
frequency and velocity effects were significant, indicating 
a less complicated response to vibration by high strength 
soils.
Various levels of frequencies, amplitudes, forward 
speeds, and tool angles have been applied in the laboratory 
and in field applications. Frequency ranges used were from
5.2 Hz to 31.7 Hz, amplitudes from 6 mm to 25 mm, forward
speeds from 0.9 km/hr to 4.5 km/hr, and tool angles from 20
to 45 degrees (Al-Jubori and McNulty, 1980; Dubrovskii, 
1968; Harrison, 1973; Johnson and Buchele, 1969; Saqib, et. 
al., 1982; Tompkins and Bledsoe, 1979). Harrison (1973)
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reported that frequency was not independent of amplitude; 
that is, there was a frequency-amplitude interaction. 
Dubrovskii (1968) concluded that for given conditions of 
oscillation there is reduction of draft up to a limiting 
speed. An increase in draft, when compared to the draft of 
a rigid tool, was recorded at speeds higher than the 
limiting speed. It was noted that the limiting speed was 
dependent upon the frequency and amplitude. At higher 
frequencies and/or amplitudes the limiting velocity also 
increased.
From the results summarized so far it was concluded 
that vibration was most likely to be effective for low 
speed and high frequency and/or amplitude operations.
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2.2 Clod Size Determination
A clod is a group of two or more primary soil 
particles which cohere to each other more strongly than to 
surrounding particles, and there are several ways to 
represent clod-size and its distribution. Black (1965), in
a review of the literature, concluded that there is no
standard method to express clod size distribution. Van 
Bavel's (1949) concept of the mean weight diameter (MWD) 
has been widely used. The MWD is defined as the sum of 
products of (1) the mean diameter of each size fraction and 
(2) the proportion of the total sample weight occuring in 
the corresponding size fraction, where the summation is
carried out over all size fractions (Van Bavel, 1949). 
However, its calculation involves plotting points on a 
graph and determining the area enclosed. This is a fairly
tedious process. Youker and McGuinness (1957) suggested a 
summation-type calculation method in place of the graphical 
approach to compute the MWD. The summation-type method 
generally overestimated the original MWD when only five
fairly broad-sized fractions were used. However, they were 
able to show a very good correlation between MWD's found by 
graphical means and MWD's caculated by the summation
method.
Mazurak (1950) suggested that the geometric mean 
diameter (GMD) be used as an index of aggregate-size
F" '
I
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distribution. The use of the GMD was supported by Gardener 
(1956) who found that the aggregate-size distribution in 
most soils is log-normal rather than normal. This 
log-normal distribution provides the opportunity to 
describe the actual aggregate-size distribution of most
soils with two parameters, the CM) and log standard 
deviation. The geometric mean diameter is the 50 percent 
value on log-normal probability plot of clod sizes, and log 
standard deviation is given approximately either by the 
84.13 percent value of the plotted line divided by the 50
percent value or by the 50 percent value divided by the 
15.87 percent value (Allison, 1956; Gardener, 1956; Orr, 
1966).
Schaller and Stockinger (1953) compared five different 
methods for expressing aggregate size distribution on 
several soils. The best methods seemed to be the MWD, or
GMD and the log standard deviation. The correlation 
coefficient between MWD and CM) was about 0.9. The GMD and 
the log standard deviation gave a more complete description 
of the size distribution than did the MWD. Though the MWD 
is easier to calculate (Youker and McGuiness, 1957) the 
reliability of the MWD was questionable if the 
distributions were extremely skewed (Stirk, 1958). 
Consequently, the use of the GMD and the log standard 
deviation seemed to be the best to use.
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Although there is no standard method to determine the 
GMD of clods the rotary sieve is the most often used. A 
rotary sieve has a series of concentric cylindrical sieves 
of various diameters bolted together, and is driven by a 
electric motor. The set of sieves operates at a slight 
slope. Soil is introduced at one end and sieved soils are
collected at the other end. Several researchers 
investigating soil properties or tillage effects also have 
used a rotary sieve to measure the GMD of clods (Chepil and 
Basil, 1943; Chepil, 1952 and 1962; Edwards, 1956; Gill and 
McCreery, 1960; Luttrel, 1963; Rao, et. al., 1960; Saqib, 
et. al., 1982; Tompkins, 1974).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER III
DESIGN OF VIBRATORY DIGGER BLADE
A four-bar mechanism with an eccentric cam on each 
side of the digger blade was designed to produce given 
amplitudes. The power was transmitted to the driving shaft 
from the PTO of the tractor through a gear-box. At both 
ends of the cam shaft two identical cams were attached at 
identical angles of rotation to the two connecting rods 
which in turn were attached by floating hinge joints to the 
vibratory digger blade. The other ends of digger blade 
were hinged to the frame of the digger unit. The diagram 
for the power train is shown in Figure 1, and the digger
blade assembly is shown in Figure 2. The picture of the
whole mechanism is shown in Figure 3.
The dimensions of the four-bar mechanism are shown in 
Figure 4. The bottom plate was 622.3 mm wide and 441.3 mm 
long. Steel plate 9.5 mm thick was used to build vibrating
blade assembly and connecting rods. The center portion of
the bottom plate of the digger blade assembly was made of 
nineteen thin steel bars to improve the breaking up and 
separating efficiency of the digger blade and to reduce its 
inertia.
1^
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Figure 1. Top view of power train for vibratory digger.
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Figure 3. Side view of digger blade mechanism.
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Digger Blade
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Figure 4. Kinematic representation and dimensions of digger blade.
F
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
3.1 Kinematic Design
3.1.1 Acceleration Analysis
A kinematic analysis of the vibrating assembly was 
made to determine the accelerations of the various parts. 
These accelerations were then used to find the unbalanced 
forces of the connecting rods and the blade assembly. The 
analysis was based on the use of complex numbers.
In Figure 5, a line connecting O 2 and CU was
considered as the positive real axis, and a downward
vertical line was selected as the positive imaginary axis 
(Figure 6). Counter-clockwise rotation of the cam (OaA)
was regarded as the positive direction of rotation for the 
moving links.
re and fle as Functions of Known Variables :
From the vector triangle O2O4A 
R 1 = R 2 + Re
Re = Rl - R2 (1)
Equation (1) expressed in the form of complex numbers
is :
re e*®" = ri e*0i -  ra e*^2 , ( 0i = 0)
re (cosde + isinde) = ri - re (cosda + isinda) (2)
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Figure 5. Position vectors of digger blade.
Imaginary
Figure 6. Representation of the position of particle 
P on real and imaginary co-ordinates.
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Equation (2) divided into real and imaginary 
components is :
Real: re cosfle = ri - r2 costfi (3)
Imaginary: resinfle = -r2 sin02 (4)
From equations (3) and (4) 
re2 = ri2 + r22 - 2 ri r2 cos02 (5)
0e = sin-1 (- sinfl2) (6)
Displacements
63 and 6a as Functions of re andde :
From vector triangle ABO4 
R 3 = Re + R4 
r3 = re e^e + r4 e*^4
r3 (cos03 + isind3) = re(cos0e + isin04) +
r4 (cos04 + i s in # 4)
Real: r3cos03= re cos£e + r4 cos04 (7)
Imaginary: T3Sin03= resinfle + r4sin04 (8)
From equations (7) and (8)
T32 = re2 + r42 + 2  re N costfe cos04 + 2 re r* s in0e s in04
= re2 + r42 + 2  re r4COs(de -6a)
r32 -  re2 -  r42
cos(0e -6a) = — ----------
2 re r 4
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6* = 6 e + cos
-l r32 - rea - r4a
2 re r4
From equations (7) and (8) 
r4cos04 = r3 cos<?3 - recosde 
r4 sin = r3 sin03 - resinfle
From equations (10) and (11) 
r4a = r3S + rea - 2 r3 re (cos03 cosOe + sin6 3 sinde) 
= r3S + re* - 2 rs re cos (03 - de )
03 = de + cos-1
r3a + rea - r4a
2 rj re
Veloc i t i es
6)3 and 6)4 as Function of 6 3 and 6 4
From vector triangles ABOa and B O 4O 2 
Rb = Ra + R 3 = Ri + R4
Differentiating equation (13) with respect 
would yield velocity of point B:
dRs d(rae'^a ) dtrje^3 )
V b = ----  =--------------- ----------
dt dt dt
(9)
(10)
(U)
(12)
(13) 
t ime t
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d(ri e'^’ ) d(r4 e!^ 4 )
---------  +  —  where 0i = 0
dt dt
r2<U2 (ie'^J ) + r36)3(ie^3 ) = r4<u4 ( je'^ 4 ) (14)
Expanding the equation (14) 
r2«J2 (ieos02 - sin02) + r36)3(icos03 - sinfo) =
T4 6>4( iCOS04- si n 0 4) 
Real: r26)2Sin02 + rs6)3sin03 = r4£u4 sin04 (15)
Imaginary: r2&>2COS02 + P3 6>3cos03 = r46)4cos04 (16)
Equations (15)
form
and (16) could be
f _
-T3Sin03 r4sin04 6)3 r2 6)2sin02
-r3COS03 T4 COS 04 6)4 r2 6)2COS02
&>3 = .
r2a>2Sin02 r4<;os04 - r4 sin04 r2<uscos02 
-rsr4sin03 cos04 + rs r4 sin04cos03 
r2 r4Ct>2sin( 02 - 04) r2&>2sin( 02 -04)
Ct>4 =
r3 r4 sin( 04 - 03 ) rs sin( 04 - 03) 
-T3Sin03 T2<U2 COS03 + r 3 COS 03 T2W2 s i n02 
r3 r4 sin( 04 - 03) 
r2o>2 s in( 02 - 03 )
r4 sin (04 - 03 )
(17)
(18)
(19)
r ~
L
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Accelerations :
a3 and 04 as Functions of 6)3 and 6)4
Differentiating the equation (14) with respect to time 
t yields
Irafoje'^2 + i<U22e^2 ) + iEj(o3e*^ 3 + icj32 e'^3 ) =
ir4( o 4ei^4 + i«i>42e'^4 ) 
ra ( io 2 -  <uaa )e*^a + ra ( i 03  -  a>32 ) e '^3 = r 4 ( i a 4 -  a)42)e'®4 
r a ( i a a  “ 6»22) (cos02  + i s i n 0 a) + r 3 ( i o 3 -  0 3 s ) (eos0 3 + 
is in03>  = r ( ia4 -  o>42) (c o s 04  + is i n fo )
Real: ra(aasin0a + cuaacosfo ) + ra(o3sin03 + <U32cos03 )
= r4 (o4Sin04 + o>42eos04 )
Imaginary: ra (02 cos02 - <y22sinfo ) + raCaacosfo - a>3Sin03)
= r4 (04 cos 04 - &)42 sin04 )
-T3Sin03 r4sin04- 03 ra (flJsin02 + 6>2acosfo ) +
T3CU3a COSfo - r4 <&4'<COS04
-r3COS04 T4COS04 <14 ra(a2COS02 - <ua2 sin0 ) -
r3 6>3asin0 + r4<i>42 sinfo
where 02 = 0
Solving equation (20)
ra«t>2a COS ( 64 ~ 02 ) + T3<U3a cos ( 64 -0 3 )
03 = -----------------------------------------------
r3 sin ( 6 4 - 03)
r
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- r46)4a 
  (21)
2 5
-T2 <t)22 COS ( $3 - 6 2 ) + r4<U4S COS ( 03 - 8 4 ) - T3 6>32
a4 =     (2 2)
r4sin ( 8 3 - 8 4 )
Equations (5), (6), (9), (12), (18), (19), (21), and
(22) were input to a computer program and the 
accelerations of the connecting links and digger blade 
assembly were obtained for every five degrees of cam 
rotation at a given cam rotational velocity of 157.08 
radians per second.
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3.2 Dynamic Design
3.2.1 Force Analysis
Determination of the Centers of Gravity of the Connecting 
Rod and Digger Blade Assembly
The connecting rod (Figure 7) was divided into two
symmetric portions by a line connecting A and B. The
connecting rod was of uniform thickness, therefore the 
center of gravity was assumed to lie on a plane at 1/2 the
thickness. The shaded areas on both sides were
approximately equal to each other and the geometric centers 
Ci and Ca of triangles CIJ and CDI could be found by direct 
measurement of the distance from B.
Location of Ci(x,y) = (11.1 mm, 81.0 mm )
Location of Ca(x,y) = (27.0 mm, 142.9 mm)
Location of A (x,y) = ( 0 , 222.3 mm)
Location of B (x,y) = ( 0 , 0 )
Areas Ai , Aa , A 3, and A 4 of triangles CIJ, CDI, and one
half of the circular segments on the right and left side 
were
Ai = (1/2) (164.3 mm) (26.2 mm) = 2152.3 mm*
Aa = (1/2) (196.9 mm) (46.0 mm) = 4528.7 mm2
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Figure 7. Connecting link geometry.
Cam end of 
connecting rod
164.3 mm 
196.9 mm 
46.0 mm 
26.2 mm
Cl(11.1« 81.0) mm 
02(27.0,142.9) mm
A (0, 222.3) mm 
B (0, 0 ) mm
BC (0, 129.6) mm
to
-v3
28
A 3 — 2140.4 mm1 
A 4 = 1191.3 mm2
2
Total area of one half of connecting rod = 10012.7 mm
Taking the moment of areas about the X-axis 
SAiCi(y) = (2a i) CG(y) (Cg : Center of gravity)
C G( y )  = ( 2 A i C i ( y )  ) /  2 A i
= (2152.3 X81.0 + 4528.7 x 142.9 + 2140.4 x 222.3 +
1191.3 xO) / (2152.3 + 4528.7 + 2140.4 + 1191.3)
= 129.6 mm
Because of geometric symmetry the X co-ordinate of 
center of gravity is zero.
The side and bottom plates of the digger blade 
assembly were divided into several segments for convenience 
of (Figure 8 and Figure 9). The effects of the shaded
areas were considered to cancel each other relative to
determining the center of gravity. The X-Y co-ordinate
system was selected with the origin at E. Geometric 
centers for each segment of the blade assembly were 
directly measured (Ci through Cia ) and their co-ordinates 
were shown in Figure 8. Only one half of the bottom plate 
was considered. The areas of each plate could simply 
obtained by summing up the segment areas.
The areas of each segment were :
L
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Ai = 17099.3 mm2 
Aa = 1452.9 nun2
A 3 = 3 5163.8 mm2
A 4 = 9 70.3 mm2
As = 2822.6 mm2
A 6 = 3060.7 mm2
A 7 - 1520.1 mm2
As = 2670.2 mm2
Total area of one side = 64759.9 mm2
A 9 = 13873.5 mm2 
A10 = 16813.5 mm2 
A11 = 160 69.4 mm2 
Ai 2 = 10405.1 mm2 
Total area of one half of the bottom = 57161.5 mm2 
Total area of one side and one half of the bottom =
121921.4 mm2
Talcing the moments about the Y-axis 
£AiCi(x) = CG(x)£Ai
(Cg : Co-ordinate of Center of Gravity) 
C g (x) = (DAiCi(x) ) / lAi
= 23542636.0 / 121921.4 
= 193.1 mm
Taking the moments about the X-axis
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S A j C i ( y )  = C G ( y ) £ A i  
C g (  y) = (2A Ci(y )  ) /  l A i
= 14844250.4 / 121921.4 
= 121.8 mm
The location of center of gravity of digger blade 
assembly was analyzed to be 193.1 mm and 121.8 mm in X-Y 
co-ordinates from the origin at E.
Determination of the Unbalanced Forces
Total mass of the digger blade assembly, Mi = Aity / g
= 18.1 Kg
Where Ai = Total area of blade assembly 
(2 x 121921.4 = 243842.8 mm2) 
t = Thickness of plate (9.5 mm)
Y = Density of plate (7.65 x 10 *N / mm ) 
g = Gravitational acceleration (9.8 m / s2 )
Total mass of the connecting rod, M 2 
M 2 — A 2t Y / g
= (2 x 6*x 10012.7) x 9.5 x 7.65 x 10-5/ 9.8 
= 8.9 Kg
* Each connecting rod consisted of three steel plates 
with 9.5 mm thick.
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The mass ratio of the digger blade assembly to the 
connecting rod was
Mi / Mi = 18.1 / 8.9 s 2
To determine the maximum unbalanced forces for the 
connecting rod and the digger blade assembly the maximum 
accelerations of each component for each of the three 
amplitude levels were calculated. These are listed in 
Table 1 at the angular displacement of the driving cam at 
which they occured. The maximum angular velocity of the
cam was 157.08 radians per second. The acceleration of the
center of the gravity of connecting rod for three amplitude
levels was approximately 0.79 times of that of the blade
assembly.
There were two major unbalanced forces, one was 
developed by the connecting rod and the other by the digger 
blade assembly. Considering the effects of acceleration on 
the total unbalanced force of the whole system that of the 
digger blade assembly was dominant for all three amplitude
levels because unbalanced force Fi of the blade assembly
was Mix ai and that F 2 of connecting rod was M 2X a2= (Mi/2)
(0.79ai ) = 0.395 Fi , where M and a are the mass and
acceleration of each component, respectively. The 
unbalanced force due to the eccentricity of the cam was 
neglected because the eccentricity and mass of the cams
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were very small. To design a mechanically balanced
vibratory digger blade those two unbalanced forces should 
be balanced. Because the unbalanced force produced by the 
digger blade assembly was the major one and because of the 
limitation of space and the complexity in designing the
counter balancing mechanism, a counter balancing force was
applied for the cam angular displacement of 70 degrees for
each amplitude.
Accelerations for the unbalanced force analysis for 
the cam rotation angle of 70 degrees is listed in Table 1.
A kinematic diagram of the vibratory digger blade with an
amplitude of 9.6 mm is shown in Figure 10, and the
direction of unbalanced force acting on the whole system
was about 41 degrees clockwise from horizontal plane as
shown in the Figure 10.
TABLE 1. ACCELERATIONS OF THE CENTERS OF GRAVITY OF 
CONNECTING ROD AND DIGGER BLADE ASSEMBLY 
AT CAM ANGLE, Q 2 .
Ampli tude 
(mm)
Connecting Rod 
(m/s2)
Digger Blade Assembly 
(m/s2 )
3.2 44.77 55.60
( 62 ) (330°) (70°)
6.4 88.89 112.91
( 6 2 ) (330° ) (70°)
9.6 132.33 171.92
( 6 2 ) (330°) (70°)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
3 5
cn
(ACI1)
E
* Cj is center of gravity of connecting rod. 
** Cjj is center of gravity of digger blade.
Figure 10. Acceleration vectors of the connecting rod and 
digger blade assembly.
I
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
3 6
3.2.2 Counter Balancing
To counter balance the unbalanced force F two
identical gears were used as shown in Figure 11. The
angular velocities of the gears were same as that of cam. 
The direction of the balancing force developed by the 
counter balancing weights attached on two gears was
opposite to F and of equal magnitude. The calculations to 
determine the weight of the counter weight were as follows.
F = 2 Mwrtuj2
Where F = Unbalanced force of digger blade assembly
2997.5 Newtons for 9.6 mm amplitude
1968.6 Newtons for 6.4 mm amplitude
969.4 Newtons for 3.2 mm amplitude
Mw = Mass of counter weight on each gear
r = Radius of rotation of counter weights
95.3 mm for 9.6 mm and 6.4 mm amplitudes
128.5 mm for 3.2 mm amplitude
o>2= Angular velocity of driving cam (157.08 Rad/s)
Mw = F / (2 ro)2a )
And the weight of counter weight Ww was 
Ww = Mw x g
2
where g is gravitational acceleration, 9800 mm/s
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The summary of the counter balancing analysis is shown 
in Table 2. In Figure 12 the unbalanced and counterweight 
forces are shown in polar coordinates for a complete cam 
cycle of 360 degrees for 9.6 mm amplitude.
TABLE 2. SUMMARY OF COUNTER BALANCING.
Amplitude Angle* Counter Weight** Radius
3.2 mm 41° 1.50 N 128.5 mm
6.4 mm 41° 4.10 N 95.3 mm
9.6 mm 41° 6.25 N 95.3 mm
* Angle of balanced force, counter-clockwise 
from horizontal plane.
** Weight for each gear.
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3.2.3 Torque Analysis
The torque on the input shaft was divided into four 
components. These were the torque due to (1) the motion of 
the connecting rod, (2) the motion of the blade assembly,
(3) the weight of the blade assembly and connecting rod, and
(4) the friction. The general representation of force and 
torque acting on a four-bar linkage is shown in Figure 13. 
The mass moment of inertia I and I for the connecting rod 
(link 3) and blade assembly (link 4) were measured by using 
the principle of compound pendulum.
With Only F 0 3  Acting (Connecting rod) :
From Figure 14
F03 = M a A g a e * ^  where £3 = tan_1( )
e3 = 1303 /F03
I3 - rg3 + sin(^3 — 63)
XM a = 0
F43'r3 sin(04 - 03) - Fos 13 sin( £ 3 - 6 3 )  = 0
Fos 13 s i n( £3 - 6 3  )
F43' = -------------------
r3 sin( 04 - 03)
F23' + F43' + F03 = 0
F23'e‘y3' + F43'e104 + Fo3e,[^ 3+,rl = 0
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Ag3
Fo3
0 4 , T4
F34
M3 = 8.9 Kg 
M4 - 18.1 Kg
13 - 0.02311 Kg*m2
14 - 0.59212 Kg-m2
02 04
Figure 13i General representation of a four-bar linkage in motion.
r
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b2
Ag3
F23*
Fo3
F32*
r2
F12
0402
Figure 14. A four-bar linkage with only Fq3 acting.
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Real : F23'cosy3* + F43#cos 0* + Fo3cos( j83 + ) =
Imaginary: F23'siny3' + F43* s i n 04 + F03 sin( £3 + if ) = 
Real and imaginary components of F23'
RF23f =  F 23' COSy3 ' =  -  F 4 3 C O S  04 -  F03 c o s ( 0 3  + f f )
I F23 = F23' siny3' = - F4 3'sin04 - F03 s in( f$ 3 + w )
F 2 3 ’ = R F 2 3 ’ )2 + ( I F 2 3 ' )
I F23'
y3' = Tan ( ^ 7  >
Ts' = - F23'r2sin( 62 -Y3 )
This torque is shown in Figure 15 for one cycle 
driving link 2 at a rotational velocity of 1542 rpm with 
load.
With Only T4 Acting (Blade assembly) :
From Figure 16
1 4 0 4  = T 4 = r4F34Siny = r4F34sin( 6 4- 8 3 )
l4<Z4
F  34 =    —
r 4 s in( 04  - 0 3 )
T 2 = r 2 F 3 4 S i n (  0 2 -  83 )
r
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Static torque 
Torque by connecting rod 
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Cam rotation, 82 (Degrees) 
Figure 15. Torque curves generated by each component.
r
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F34
0402
Figure 16. A four-bar linkage with only acting.
I
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4 6
rjT4 sin( 0 2 -  63 ) 
r4 sin( $4 - 03)
The torque Tj due to T4 was ploted in Figure 15 with 
the driving cam speed of 1542 rpm.
Torque Due to the Weight of Blade Assembly and 
Connecting Rod 1
In Figure 17 approximate reaction, Ream, at the driving 
camUink 2) could be obtained by calculating the reaction at 
B because the length of link 2 was small compared with the
other dimensions.
Reaction Ream on the cam 
Ream = Wrod + W blade x
L
190.5
= 87.3 + 177.-6 x ------ = 165.7 Newtons
431.8
Torque, Tstat , due to the weight of the blade and rod 
Tstat = Rcamx R2cos( 02 + 26)
where R 2 was the eccentricity of the cam.
Tstat was shown in Figure 15 for one cycle of driving
cam.
Total theoretical torque T
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Ream.
62
Wrod
1' Wblade
Wrod ■ 87.3 Newtons
Wblade * 177.6 Newtons
Figure 17. Reaction at the driving shaft due to the weight of the 
connecting rod and digger blade assembly.
* r ~
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T = Ts + T2 + Tstat 
was shown in Figure 16.
Fr ict ion Torque :
The friction torque was measured for 20° intervals and 
listed in Table 3. This torque was added to the total
theoretical torque to give total torque when the vibrating
blade was run at 1542 rpm with no load as shown in Figure
15.
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TABLE 3. MEASURED STATIC FRICTION TORQUE.
Angle(6 2 ) 
(Degrees)
Torque
(N-M)
10 4.5
30 5.5
50 4.5
70 6.0
90 7.5
110 9.5
130 10.0
150 9.0
170 9.0
190 7.5
210 6.5
230 5.0
250 5.0
270 4.5
290 5.0
310 5.0
330 5.0
350 4.5
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CHAPTER IV
MATERIALS AND METHODS
4.1 Experimental Design and Procedures
A field experiment was designed to evaluate the
effects of amplitude, frequency, and forward travel speed
of the experimental digger blade on the power requirement
and the change of clod size distribution in two different 
soil conditions.
Hard and soft soil conditions were prepared. Hard
soil plots were prepared in November, 1984 by disking, 
compacting the beds five times by driving the tractor over 
them, and rolling the beds with weighted roller. The beds 
were wheeled seven times and rolled again in April, 1985 
before the test runs. Soft soil conditions were prepared
in May, 1985 in the same manner as for the hard conditions,
but they were compacted only twice by driving the tractor 
over the rows. They were tested in August, 1985.
Each plot was a single ridge about 240 mm high, 610 mm 
wide, and 12 m long. The digger blade was operated at
about 240 mm from the surface because sweet potatoes
normally grow to that depth (Hammerle, 1960).
50
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
5 1
Test levels of amplitudes, frequencies, and travel 
speeds of digger blade are shown in Table 4.
TABLE 4. TEST LEVELS OF AMPLITUDES, FREQUENCIES, AND 
FORWARD SPEEDS.
Var iables Levels
Amplitude (mm) 3.2 6.4 9.6
Frequency (Hz) 9.7 18.0 25.7
Travel Speed (km/hr) 1.1 2.2 3.2
Three blocks within each soil and three levels of 
amplitude, frequency, and forward speed were arranged
factorially in randomized blocks. Each treatment was
replicated three times within each soil. The designed plot 
configuration is shown in Figure 18. The total number of 
plots for each soil conditions were 81. A tractor mounted 
microcomputer and instrumentation system took two samples 
per test plot for draft and torque measurements, and they 
were saved on floppy disks. Two soil samples were taken
from each plot and stored for drying and clod-size
analys i s.
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Hard soil conditions
Block I
17 2 14 19 5 6 26 11 22 10 23 8 1
9 16 15 3 18 4 13 27 20 12 21 25 7 24
Block II
2 14 19 5 6 26 22 10 23 8 1 11 17
24 9 16 15 3 18 4 13 27 20 12 21 25 7
Block III
1 17 2 14 19 5 6 26 11 22 10 23 8
16 15 3 18 4 13 27 20 12 21 25 7 24 9
Soft soil conditions
Block I
1 17 2 14 19 5 6 26 11 22 10 23 8
16 15 3 18 4 13 27 20 12 21 25 7 24 9
Block II
17 2 14 19 5 6 26 11 22 10 23 8 1
9 16 15 3 18 4 13 27 20 12 21 25 7 24
Block III
2 14 19 5 6 26 22 10 23 8 1 11 17
24 9 16 15 3 18 4 13 27 20 12 21 25 7
Figure 18. The layout of the test plots of two soil 
condi t ions.
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4.2 Measurement and Instrumentation
4.2.1 Soil Conditions
One soil sample was taken for every two test plots to 
measure the dry bulk density and moisture content. A 
cylindrical core, 74 mm in inside diameter and 75 mm high 
was used (Refer to Figure 19). These soil samples were 
dried in a forced drying oven at 105 ± 2° C for 24 hours.
A cone type soil penetrometer, (ASAE Standard, 1985), was 
used to measure soil strength to a depth of 15 cm as shown
in Figure 20. This instrument had a 30° circular cone 
with a base diameter of 12.7 mm. Three locations per test 
plot were randomly selected for this measurement. Maximum
resistance to penetration was recorded at each location.
4.2.2 Size Distribution of Aggregates
Two soil samples of about 24 kilograms each for clod 
size analysis were carefully taken at random locations in
each plot by using a 584 mm long, 203 mm wide, and 216 mm
deep tray after a vibratory treatment was applied. The
soil sampling procedure is shown in Figure 21. The 
sampling tray was slowly pushed into the treated area until 
it reached undisturbed soil. The soil surrounding the tray 
was removed using hoes and then a plate was inserted under 
the tray and soil to prevent the soil from scattering when
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Figure 19. Soil sampling with cylindrical core for moisture 
and bulk density measurements.
Figure 20. Measuring soil strength with a penetrometer.
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the soil samples were lifted and collected in crates. The 
depth of sampling was approximately 240 mm for all
experiments. The soil samples collected were air dried for 
two weeks to a moisture content of approximately 12 percent 
(wet basis).
Each sample was then separated into six sizes of clods 
using the rotary sieve (Figure 22). The diameters of the 
concentric cylinders were 254 mm, 457 mm, 559 mm, 635 mm, 
and 711 mm, respectively. The lengths of the cylinders 
were 1461 mm, 1041 mm, 940 mm, 826 mm, and 724 mm,
respectively. The sieve portion of each cylinder was 
rolled from perforated sheet metal and the rest of each was 
rolled from plain galvanized sheet metal with the exception 
of the inner cylinder which was made from a 254 mm diameter 
standard steel pipe. The diameters of sieve openings from 
the inner to the outer cylinder were 50.8 mm, 25.4 mm, 12.7 
mm, 6.4 mm, and 3.2 mm and they covered lengths on each
cylinder ranging from 254 mm to 356 mm. The perforated
section extended completely around the circumference of 
each cylinder. The cylinders were assembled in such a
manner that the screens were arranged in echelon in order 
of size from largest sieve openning to smallest, outward
and downward.
The mechanism to feed the soil sample into the rotary 
sieve consisted of a hopper, a flat belt conveyor and a
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Figure 21. Soil sampling for clod size analysis
Figure 22. A rotary soil sieve
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chute. The chute extended into the inner cylinder of the 
sieve. Soil clods that were larger than 76.2 nun in
diameter were separated by using a flat screen in the input
to the rotary soil sieve hopper. The rotary soil sieve was
operated at 6 RPM and adjusted to a slope of 6 degrees from
the horizontal plane.
The masses of soil clods of seven size classes were
collected and weighed. The cumulative oversize percentages 
were then calculated and used to compute the geometric mean 
diameter and log standard deviation on a log-normal
probability plot by the procedures of Gardener (1956).
4.2.3 Draft, Torque, and Power
Power to pull the vibratory digger blade and vibrate
it was provided by a John Deere 2640 tractor. Figure 23 is 
block diagram for the overall data acquisition system,
showing the hitch pins for draft sensing, the torque cell,
and the electronic switch to identify each cycle of
vibration. Three specially designed hitch pins were
mounted to the hitch of the digger blade to be used as
draft sensing transducers. Strain gage bridges were
attached to each hitch pin. A total of four strain gages 
was attached to each pin, making one Wheatstone bridge. 
The dimensions of the lower and upper hitch pins and the
locations of strain gages are shown in Figure 24. The
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A/D
Himmelstein
Amplifier
Digital Interface
Disk Drive Printer
Signal Conditioner/Amplifier
Electronic
Switch
Torque Transducer
Torque, RPM2 Lower, 1 Upper
Hitch Pins
Key Board
Apple lie
Figure 23. Microcomputer-based data acquisition system configuration.
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strain gages used were EA-06-250MQ-350 (Measurements Group, 
Inc.). Each was 6.35 mm long and had a dual element
pattern with longitudinal grid centerlines spaced 4.7 mm
apart. This dual pattern strain gage was recommended as
best for bending beam transducers. With this bridge
arrangement, all of the vertical forces were cancelled, all 
horizontal forces were combined algebraically, and
temperature compensation was automatically provided. The 
result was the measurement horizontal forces, or draft 
only. The excitation input voltage (5 volts) was supplied
by a four-channel Gould (Recorder 2400) strip chart
recorder.
The frame of the digger blade was anchored to the 
ground by a chain to calibrate the three hitch pins. To 
calibrate the lower pins one shperical joint of a lower 
link release mechanism was taken from the lift arms of the 
tractor hitch and attached to the lower hitch pin. A
horizintal draft force was applied to the sperical joint by 
adding weights to a maximum of 2660 Newtons, in increments 
of 220 Newtons, with a chain and strain readings were
recorded. This procedure was repeated three times. For 
the upper pin calibration the upper link was taken off the 
tractor and hooked to the upper hitch pin. The same
procedure was then followed as for the lower pins. The
sensitivity of the upper pin was 2.09 x 10-4 mv/v/N and
that of right and left lower hitch pins were 2.11 x 10 4
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mv/v/N and 2.06 x 10 4 mv/v/N, respectively.
The output from the three hitch pins was input to a 
signal conditioner (SC14 Signal Conditioner System, 
Interactive Structures, Inc.) which amplified the signal.
A 16-channel, 12-bit A/D (Analog-to-Digital Converter) and 
a digital interface with 16 input channels were selected 
for interfacing the analog and digital signals to an Apple 
lie microcomputer. The interface items were obtained from 
Interactive Structures, Inc. The output from each of the 
three hitch pins was added to yield total draft force.
A Himmelstein bi-polarity torque transducer (MCRT 
9-02T) with a maximum capacity of 680 N-M and having an 
angular speed pick-up was installed on the input shaft of 
the vibratory blade to measure the input torque and angular 
speed as shown in Figure 1. The Himmelstein data system 
(System 6) computed the PTO horsepower and displayed the 
data on a front panel while providing the data in binary 
coded decimal form as well as in analog form at a 44-pin, 
rear-panel connector. The analog signals were picked up 
and input to the signal conditioner, the A/D converter, the 
digital interface, and then to the computer.
The Himmelstein amplifier and torque transducer were 
calibrated statically by applying known torques to the 
transducer as shown in Figure 25. A maximum of 236.3 N-M
K-
? '
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Torque Transducer 
Shaft
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Steel Bar
String
Weight
Figure 25. Mechanism to apply known torque.
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was applied in the increments of 22.6 N-M. This procedure 
was repeated three times and the results were analyzed 
using linear regression. The coefficient of determination, 
R 2 , for the linear equation was 0.9984 indicating good 
linearity of the system. The gain of the Himmelstein 
amplifier was adjusted to give the torque applied and used 
for torque measurements. Dynamic torque output from the
amplifier was compared to the total torque which was the 
sum of theoretical total torque and friction torque. These 
are shown in Figure 26 when the mechanism was driven at 768 
rpm. The difference between theoretical and measured
torque was believed to be due to additional dynamic load
(not measured during the static calibration procedures) and 
torque to drive the balancing mechanism which was not
included in the theoretical torque analysis.
An electronic switch was installed on the input shaft
of the digger blade to identify each revolution of the
shaft (Figure 27). An infrared light emitting diode (NTE 
3028) and a phototransistor (NTE 3032) were used for this 
switch. The output signal from this switch was connected 
to the computer in the same manner as for the draft
measurements.
All of the instruments and the Apple lie microcomputer 
were mounted on the John Deere 2640 tractor to be easily
controlled by a tractor operator while tests were being
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Figure 26. Measured torque, friction torque, theoretical total 
torque, and theoretical torque with the cam speed 
of 768 rpm and with no load.
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Figure 27. An electronic switch installed on the driving shaft.
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made. A truck-mounted alternating current generator was 
used for the power supply of the data acquisition system.
It was necessary to use a program in 6502 assembly 
language for data acquisition because a basic compiler was
not fast enough for this experiment. The speed of the 
assembly language program execution was adjusted to read 
the data at a rate of 510 cycles per second from a total of 
six channels, and the read data were addressed to RAM 
(Random Access Memory). This rate allowed the acquisition 
of approximately 4 to 12 complete cycles of information on 
each test run depending on the frequency of vibration. 
After the vibratory test for each plot the data were saved
on 133.4 mm floppy disks by using a basic program. Saved
data were retrieved and corrected for analysis. The flow 
chart and the assembly language program are shown in Figure 
28 and in Table A-l.
The engine speed of the tractor was set to 1600 RPM 
for all test runs. The amplitude levels were selected by 
replacing two cams (refer to Figure 29) of digger blade.
The PTO shafts of the tractor (540 and 1000 RPM) and a
sprocket on the digger blade drive system were interchanged 
as necessary to get the required frequencies. The forward 
travel speed levels were obtained by selecting different 
gear ratios in the transmission of the tractor.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
67
Figure 28•
C Start
Read Test Data
Initialize Data
Read Channel No. and Gain
Yes
< I
Read Data
Address Data
Decrease Count Loops
Save Data on Disk
CZ^ ZD
Flowchart for the data acquisition program.
r
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Figure 29. Changing cams to select different levels of amplitude.
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CHAPTER V
RESULTS AND DISCUSSION .
5.1 Independent Variables
The soil conditions used in the tests represented one
of the independent variables. The dry density, moisture
content, and penetration resistance of the two soil
conditions used for the experiment are shown in Table 5.
TABLE 5. MOISTURE CONTENT, DRY DENSITY, AND PENETRATION 
RESISTANCE OF HARD AND SOFT SOIL CONDITIONS AT 
TIME OF TEST RUNS.
Soil conditions Hard Soft
Moisture content (%i, w.b. ) 16.60 ± 1.36 14.86 ± 1.89
Dry density ( Kg/m3 ) 1440.21 ± 30.02 1311.12 ± 68.23
Cone index ( MPa ) 0.82 ± 0.08 0.41 ± 0.09
The other independent variables were amplitude,
frequency, and forward speed. For convenience, all three 
levels of the amplitude and frequency of the digger blade, 
and the travel speed of the tractor are abbreviated in this 
analysis as "H" for high, "M" for middle, and "L" for low. 
The numerical values of each level of three factors were 
shown in Table 4.
69
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5.2 Test Conditions
The layout of the actual test field is shown in Figure 
30. All the test runs were done in hard soil conditions 
and 162 samples were collected as designed. In soft soil 
conditions, however, 69 test runs were done, taking 138 
samples, and 12 test runs were missed because heavy rain 
interupted the test procedures in the middle of a block 
changing the soil conditions.
The dependent variables were geometric mean diameter
and its log standard deviation, draft, mean torque, maximum 
torque, and total power requirements. The data for each
dependent variable were analyzed using the general linear
procedure, PROC GLM, on SAS (1981) as the data were 
unbalanced because of the missing data in soft soil 
conditions. The sources tested were: soil conditions,
block within soil conditions, treatments and their 
interactions, and soi1-treatment and block-treatment(soi1) 
interactions. The sum of the squares of blocks within soil
was used as the error term to evaluate the difference of 
soil conditions. The sum of the squares of
block-treatment(soi1) was used to evaluate the effects of 
treatments and their interactions and soil treatment 
interactions. The analysis was extended to separate 
analysis of variation by soil conditions when the 
significance of soil conditions was detected. In the
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Hard soil conditions
Block I
17 2 14 19 5 6 26 11 22 10 23 8 1
9 16 15 3 18 4 13 27 20 12 21 25 7 24
Block II
2 14 19 5 6 26 22 10 23 8 1 11 17
24 9 16 15 3 18 4 13 27 20 12 21 25 7
B1 ock III
1 17 2 14 19 5 6 26 11 22 10 23 8
16 15 3 18 4 13 27 20 12 21 25 7 24 9
Soft soil conditions
Block I
1 17 2 14 :19 5 6 26 11 22 10 23 8
16 15 3 18 4 13 27 20 12 21 25 7 24 9
Block II
- 2 14 - 5 6 - 11 - 10 - 8 1
9 - 15 3 - 4 13 - - 12 - - 7 -
Block II I
2 14 19 5 6 26 22 10 23 8 1 11 17
24 9 16 15 3 18 4 13 27 20 12 21 25 7
Figure 30. The layout of the test plots of two soil 
conditions showing the missing plots.
IT  .
L_
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separate analysis by soil conditions, the sum of the
squares of block-treatment was used as the error terms to
evaluate the treatments and their interactions. Duncan's
multiple range tests were used for means analysis of main 
and interaction effects by using the proper error terms
selected.
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5.3 Geometric Mean Diameter and Log Standard Deviation
The geometric mean diameter (GMD) of vibration treated 
soil clods is a measure of the effectiveness of the 
application of vibration to tillage or to the break-up of
soils with root crops to be harvested. An effective
application of vibration would produce smaller clod sizes
which in turn would reduce the GMD.
The GMD, and its standard deviation, of pulverized
soil by vibration were obtained by plotting the soil clod
distribution for each sample on log-normal probability 
plot. Most of the plotted samples were straight lines 
showing that the clod size-distributions were, in fact, 
log-normal.
Though the means of the CM) in hard and soft soil
conditions were 15.83 mm and 7.60 mm, respectively, the
differences of the means were not significant. The 
standard deviations of the GMD were also not significantly 
different for the two soil conditions (Table 6 and Table 
7). The mean of the CM) in hard soil conditions was about 
30 percent of that of six samples analyzed without
vibration at three travel speed levels, showing that
vibration was very effective in reducing the GMD.
Of the tested factors amplitude was the only one
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TABLE 6. ANALYSIS OF VARIANCE FOR THE OVERALL GEOMETRIC
MEAN DIAMETER.
SOURCE DF SS M5 F
SOIL 1 5045.45 5045.45 5.30(NS)
BLOCK(SOIL) 4 3809.03 952.26
TREATMENT 26
AMPLITUDE 2 368.63 184.32 4.80 **
FREQUENCY 2 23.15 11.58 < 1
SPEED 2 6.17 3.09 < 1
A X F 4 115.94 28.99 < 1
A X S 4 31.69 7.92 < 1
F X S 4 108.94 27.24 < 1
A X F X S 8 740.25 92.53 2.41 *
26
SOIL X T 26 769.59 29.60 < 1
BLOCK X T(SOIL) 92 3530.68 38.38 1.83 **
SAMPLING ERROR 150 3154.17 21.03
TOTAL 299 17703.69
r
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TABLE 7. ANALYSIS OF VARIANCE BOR OVERALL LOG STANDARD
DEVIATION OF TOE GEOMETRIC MEAN DIAMETER.
SOURCE DF SS NE • F
SOIL 1 574.71 574.71 12.59(NS)
BLOCK(SOIL) 4 182.65 45.66
TREATMENT 26
AMPLITUDE 2 94.97 47.49 7.70 **
FREQUENCY 2 8.79 4.40 < 1
SPEED 2 2.12 1.06 < 1
A X F 4 8.69 2.17 < 1
A X S 4 4.82 1.21 < 1
F X S 4 22.84 5.71 < 1
A X F X S 8 107.18 13.40 2.17 *
26
SOIL X T 26 155.96 6.00 < 1
BLOCK X T(SOIL) 92 567.83 6.17 1.64 **
SAMPLING ERROR 150 565.60 3.77
TOTAL 299 2296.16
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affecting the change in the GMD: the OVID decreased as the
amplitude levels increased (Figure 31 and Table 6).
Duncan's multiple range test for the overall OVID by
amplitude levels revealed that the means of the high and 
middle amplitudes were significantly lower than the mean of 
low level (Table 8). It was observed during the test runs 
that the flow of soil clods over the blade was better as 
the amplitude and frequency levels increased in a given 
speed level. The interaction effects of
amplitude-frequency-speed are shown in Table 9.
These results were contradictory to those of Saquib, 
et. al. (1982). They reported that the soil size was
strongly dependent (95 percent confidence level) on the
forward travel speed of tractor and on the frequency and 
amplitude of vibration, and reported interactions of
amplitude and frequency, and amplitude and speed which were 
not detected in this study. The results of this study,
however, coincided well with the observations of Johnson 
(1974) and Tompkins and Bledsoe (1979). Johnson reported 
that the flow of material over the blade and the
soil-potato separation was best at the highest amplitude 
used for a white potato digger blade with fore and aft 
motion, and only slight improvement of soil separation and
feeding was observed at frequencies above 7.5 Hz which was
within the frequency levels tested in this study. Tompkins 
and Bledsoe found that frequency was not a significant
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deviation of GMD.
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factor in the study of a vibratory seed furrow opener with
fore and aft motion with constant forward speed.
The log standard deviation of the GMD was also 
affected by only amplitude and the
amplitude-frequency-speed interaction. It decreased as the 
amplitude levels were increased (Figure 31 and Table 10). 
As expected the log standard deviation of GMD decreased as 
the GMD decreased.
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TABLE 8. DUNCAN’S MULTIPLE RANGE TEST FOR THE OVERALL
GEOMETRIC MEAN DIAMETER BY AMPLITUDE LEVELS.
Amplitude levels L M H
14.18 11.59 10.71 mm
Note: Underlined means are not significantly different.
TABLE 9. DUNCAN’S MULTIPLE RANGE TEST FOR THE OVERALL 
GEOMETRIC MEAN DIAMETER BY FRQUENCY-SPEED 
LEVEL COMBINATION WITHIN AMPLITUDE LEVELS.
Frequency-Speed Combination = M-M
Amplitude levels L H M
20. 10 10.23 9.98 mm
Frequency-Speed Combination = H-H
Amplitude levels L M H
14.77 12.05 7.89 mm
Note: Underlined means are not significantly different. 
Note: Means of Frequency-Speed combinations not listed 
in this Table are not significantly different.
TABLE 10. DUNCAN’S MULTIPLE RANGE TEST FOR THE OVERALL 
LOG STANDARD DEVIATION OF GEOMETRIC MEAN 
DIAMETER BY AMPLITUDE LEVELS.
Amplitude levels L M M
7.22 6.11 5.52 mm
Note: Underlined means are not significantly different.
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5.4 Draft
Draft is generated by soi1-to-metal friction and by
soil cutting in tillage operations. The principles of 
vibration, air lubrication, electro-osmosis, and the others
have been applied to reduce the soi1-to-metal friction and 
soil cutting forces. The application of vibration appears 
to be easier and more economical than the others.
Soil conditions significantly affected the draft of 
the digger blade (Table 11). The means of the draft in 
hard and soft soil conditions were 2737 and 1995 Newtons, 
respect i vely.
Hard soil conditions : Forward travel speed and frequency
of the digger blade showed highly significant differences 
in hard soil conditions (Table 12).
It was expected that increased operating speed of the 
blade would increase the soi 1-to-metal friction and/or the 
soil acceleration and thus contribute to the draft 
increase. Figure 32 and Table 13 show that the increase of
draft was proportional to the increase in speed levels.
Tests of the differences in the means by speed levels are 
shown in Table 13.
Frequency was shown to have a highly significant
r
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TABLE 11. ANALYSIS OF VARIANCE FOR THE OVERALL DRAFT.
SOURCE DF SS MS F
SOIL 1 41009689.09 41009689.09 9.76 *
BLOCK(SOIL) 4 16799120.48 4199780.12
TREATMENT 26
AMPLITUDE 2 2615795.27 1307897.64
FREQUENCY 2 527424.01 263712.01
SPEED 2 67055131.44 33527565.72
A X F 4 4300051.18 1075012.89
A X S 4 429181.09 107295.27
F X S 4 7842312.46 1960578.12
A X F X S 8 3773820.66 471727.58
26
SOIL X T 26 36283218.16 1395508.39 2.25 **
BLOCK X T(SOIL) 92 57085262.68 620491.99 5.97 **
SAMPLING ERROR 150 15583250.00 103888.33
TOTAL 299 253304756.54
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TABLE 12. ANALYSIS OF VARIANCE BOR TOE DRAFT IN HARD SOIL 
CONDITIONS.
SOURCE DF SS MS F
BLOCK 2 12653561.93 6326780.97 9.20 **
TREATMENT 26
AMPLITUDE 2 800685.78 400342.89 < 1
FREQUENCY 2 7100747.11 3550373.66 5.16 **
SPEED 2 37881992.44 18940996.22 27.54 **
A X F 4 2472724.89 618181.22 < 1
A X S 4 1870234.22 467558.56 < 1
F X S 4 4812193.78 1203048.45 1.75(NS)
A X F X S 8 3490626.22 436328.28 < 1
26
BLOCK X T 52 35757427.41 687642.83 8.78 **
SAMPLING ERROR 81 6344762.00 78330.40
TOTAL 161 113184955.78
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Figure 32. Draft in hard soil conditions showing speed and 
frequency levels with standard deviations.
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TABLE 13. DUNCAN'S MULTIPLE RANGE TEST FOR THE DRAFT IN
HARD SOIL CONDITIONS BY FREQUENCY AND SPEED
LEVELS.
Frequency levels H M L
3021.56 2664.22_______ 2524.33 N
Speed levels H M L
3350.33 2691.33 2168.44 N
Note: Underlined means are not significantly different.
r  •.
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effect (Table 12). It was expected that the increase of
frequency would reduce the draft because higher frequencies 
would decrease the soi1-to-metal friction. But the results 
shown in Table 13 were quite different from what was 
expected: the draft with the high level of frequeny was
higher than that for the middle or low. This result was
contradictory to the results of several researchers that
reported draft to vary inversely with frequency (Al-Jubouri 
and McNulty, 1980; Harrison, 1973; Johnson, 1974). But the 
results of Tompkins and Bledsoe (1979) partially supported 
the frequency effects found in this study in hard soil 
conditions. Tompkins and Bledsoe found that frequency had
a significant effect on draft, and that 20 Hz yielded the
lowest draft of the 10, 20, and 30 Hz frequencies tested. 
The soil conditions for their tests were not completely 
described. They also reported that their findings agreed 
with those of other researchers (Kondner, et. al., 1958;
Choa and Chanceller, 1972; Aleksandryan, 1963; references
not cited in this study) who reported the lowest draft 
requirements occured at about 20 Hz. It is believed that 
draft would begin to decrease at an frequency beyond the 
high level of this study, 25.7 Hz, in hard soil conditions.
No amplitude effects and interactions were detected in 
the hard soil conditions in this study. Tompkins and
Bledsoe (1979) also reported that draft force was not
significantly affected by amplitudes which were 6 and 15
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mm. Meanwhile, other studies showed that draft 
significantly decreased as amplitude increased (Al-Jubouri 
and McNulty, 1980; Harrison, 1973), and an 
amplitude-frequency interaction was reported by Harrison 
(1973).
Soft soil conditions : Speed, frequency, and amplitude of
the oscillating blade were all significant factors 
affecting the draft requirement in soft soil conditions. 
No interactions were shown to be significant (Table 14).
As shown in Figure 33 and Table 15, the draft to pull 
the mechanism was decreased as amplitude and frequecy 
increased, and it increased as the speed level increased. 
These results were expected, and agreed with those by other 
researchers (Al-Jubouri and McNulty, 1980; Harrison, 1973; 
Johnson, 1974). The draft increased linearly as the speed 
increased in the soft soil conditions. This trend of 
increasing draft was similar to those studies of 
non-vibrating operations of chisel plows, disks, and sweep 
plows (Summers, et.al., 1984) and of an experimental chisel 
(Gunn and Tramontini, 1955).
r '
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TABLE 14. ANALYSIS OF VARIANCE FOR THE DRAFT IN SOFT SOIL 
OONDITIONS.
SOURCE Iff SS jb F
BLOCK 2 4145558.56 2072779.28 3.89 *
TREATMENT 26
AMPLITUDE 2 5108389.47 2554194.74 4.79 *
FREQUENCY 2 13891820.50 6945910.25 13.03 **
SPEED 2 29229878.78 14614939.39 27.41 **
A X F 4 2653669.85 663417.46 1.24(NS)
A X S 4 2170001.38 542500.35 1.02(NS)
F X S 4 5071924.31 1267981.08 2.38(NS)
A X F X S 8 6272545.52 784068.19 1.47(NS)
26
BLOCK X T 40 21327835.27 533195.88 3.98 **
SAMPLING ERROR 69 9238488.00 133891.13
TOTAL 137 99110111.64
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Figure 33. Draft in soft soil conditions showing speed, frequency, 
and amplitude levels with standard deviations.
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TABLE 15. DUNCAN'S MULTIPLE RANGE TEST FOR THE DRAFT IN
SOFT SOIL CONDITIONS BY AMPLITUDE, FREQUENCY,
AND SPEED LEVELS.
Amplitude levels L M H
2235.50 2046.00 1789.00 N
Frequency levels L M H
2363.08 2009.04 1557.84 N
Speed levels H M L
2569.78 1971.65 1443.17 N
Note: Underlined means are not significantly different.
r
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5.5 Mean Torque
The torque required by the digger blade varied greatly 
as shown in Figure 34. The mean torque was analyzed to 
provide useful design information for conditions where a 
flywheel might be used to smooth out energy fluctuations.
The vibration effect on the mean torque was not 
significant in two different soil conditions (Table 16).
Amplitude was highly significant on the torque 
requirement of the digger blade (Table 16). Increasing the 
amplitude increased the input torque for the mechanism 
(Figure 35 and Table 17). Increased acceleration by 
applying higher amplitudes produced greater inertia forces 
which, in turn, increased torque input from the tractor.
The frequency effects on the torque input to the 
ocillating mechanism were also highly significant (Table 
16). The input torque increased as the frequency to drive 
the digger blade was increased. Greater torque 
requirements at higher frequencies were observed (Figure 35 
and Table 17). It was considered that greater torque 
inputs were required to overcome inertia forces which 
increased with the operating frequency.
The interaction effects of amplitude and frequecy are
r •
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Figure 34. Typical torque curves for four complete cycles of cam rotation when the digger 
blade was operated at high amplitude, high frequency, and high speed.
vo
TABLE 16. ANALYSIS CF VARIANCE FOR TOE OVERALL MEAN TORQUE.
SOURCE DF SS M3 F
SOIL 1 2567.98 2567.98 2.79(NS)
BLOCK(SOIL) 4 3679.14 919.79
TREATMENT 26
AMPLITUDE 2 6608.38 3304.19 69.96 **
FREQUENCY 2 15443.32 7721.66 163.49 **
SPEED 2 184.40 92.20 1.95(NS)
A X F 4 1876.72 469.18 9.93 **
A X S 4 42.59 10.65 < 1
F X S 4 190.21 47.55 1.01(NS)
A X F X S 8 871.25 108.91 2.31 *
26
SOIL X T 26 1461.24 56.20 1.19(NS)
BLOCK X T(SOIL) 92 4345.39 47.23 10.59 **
SAMPLING ERROR 150 668.31 4.46
TOTAL 299 37938.81
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Figure 35. Overall mean torque showing frequency and amplitude 
levels with standard deviations.
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shown in Figure 35. Mean torque became larger for all 
amplitude levels as the frequency level was increased. 
Operation of the digger blade at the low amplitude with low 
frequency levels minimized the torque requirement. Tests of 
differences in means for frequency levels within amplitude 
levels were shown in Table 18, and those of 
amplitude-frequecy-speed interactions were shown in Table 
19.
These effects of amplitude and frequency of vibration 
coincided well with those of Tompkins and Bledsoe (1979). 
They used two amplitudes (6 mm and 15 mm) and three 
frquencies (10, 20, and 30 Hz) with a constant forward
operating velocity of 3.2 Km/h for a vibrating seed furrow 
opener in the Sequatchie loam and Etowah silt loam soil.
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TABLE 17. DUNCAN'S MULTIPLE RANGE TEST FOR THE OVERALL MEAN
TORQUE BY AMPLITUDE AND FREQUENCY LEVELS.
Amplitude levels H M L
30.44 23.70 19.12 N-M
Frequency levels H M L
34.63 23.17 17.03 N-M
Note: Underlined means are not significantly different.
TABLE 18. DUNCAN'S MULTIPLE RANGE TEST FOR THE OVERALL 
MEAN TORQUE BY FREQUENCY LEVELS WITHIN AMPLITUDE 
LEVELS.
Amplitude = L
Frequency levels H M L
24.86 18.16 14.32 N-M
Amplitude = M
Frequency levels H M L
32.67 23.49 16.43 N-M
Amplitude = H
Frequency levels H M L
44.42 27.03 19.88 N-M
Note: Underlined means are not significantly different.
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TABLE 19. DUNCAN'S MULTIPLE RANGE TEST FOR THE OVERALL MEAN
TORQUE BY AMPLITUDE-FRQUENCY LEVEL COMBINATION
WITHIN SPEED LEVELS.
Speed = L
Ampli tude-Frequency level combination
H-H M-H H-M L-H M-M H-L M-L L-M L-L
40.70 31.38 29.09 25.99 24.48 20.38 16.93 16.85 14.62 N-M
Speed = M
H-H M-H H-M L-H M-M H-L L-M M-L L-L
41.33 34.44 26.37 24.63 21.49 19.79 15.89 15.69 13.44 N-M
Speed = H
H-H M-H H-M M-M L-H L-M H-L M-L L-L
51.17 32.18 25.66 24.49 23.96 21.75 19.03 16.67 14.91 N-M
Note: Underlined means are not significantly different.
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5.6 Maximum Torque
Maximum torque is one of the important factors to be 
considered for fatigue failure of a shaft which has a 
fluctuating load.
The vibration effect on the maximum torque was 
significant in the two different soil conditions. The 
means of 75.16 N-M for hard and 58.20 N-M for soft soil 
conditions were significantly different at 5 percent level 
(Table 20).
Hard soil conditions : The amplitude and frequency of
vibration were major factors affecting the response of the 
maximum torque in the hard soil conditions (refer to Table 
21). Maximum torque increased from 56.39 N-M to 95.31 N-M 
as the amplitude was increased, but the middle level of 
frequency produced the lowest maximum torque and this was 
unexpected. All the differences of means between two 
levels of amplitude and frequency were statistically 
significant as shown in Table 22.
The interaction effect of amplitude and frequency is 
shown in Figure 36 and in Table 23. The difference in the 
maximum torque between levels of frequency became larger as 
the amplitude levels increased. Though there was no main 
effect of speed detected, the interactions of it with
r  •
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TABLE 20. ANALYSIS CF VARIANCE FOR TOE OVERALL MAXIMUM TORQUE.
SOURCE DF SS M3 F
SOIL 1 21445.16 21445.16 7.77 *
BLOCK(SOIL) 4 11033.17 2758.29
TREATMENT 26
AMPLITUDE 2 52471.54 26235.77
FREQUENCY 2 40352.72 20176.36
SPEED 2 1069.09 534.55
A X F 4 6746.43 1686.61
A X S 4 3450.02 862.51
F X S 4 3370.90 842.73
A X F X S 8 5875.33 734.42
26
SOIL X T 26 15136.25 582.16 2.39 **
BLOCK X T(SOIL) 92 22446.59 243.98 1.45 **
SAMPLING ERROR 150 25277.14 168.51
TOTAL 299 208674.84
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TABLE 21. ANALYSIS CF VARIANCE FOR THE MAXIMUM TORQUE IN HARD SOIL
CONDITIONS.
SOURCE DF SS A6 F
BLOCK 2 5035.14 2517.57 10.44 **
TREATMENT 26
AMPLITUDE 2 41060.05 20530.03 85.14 **
FREQUENCY 2 27816.70 13908.35 57.18 **
SPEED 2 1336.87 668.44 2.77(NS)
A X F 4 4676.24 1169.06 4.85 **
A X S 4 3365.97 841.49 3.49 *
F X S 4 7931.65 1982.91 8.22 **
A X F X S 8 5433.64 679.21 2.82 *
26
BLOCK X T 52 12538.21 241.11 1.2KNS)
SAMPLING ERROR 81 16142.00 199.28
TOTAL 161 125336.47
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TABLE 22. DUNCAN'S MULTIPLE RANGE TEST FOR THE MAXIMUM TORQUE IN
HARD SOIL CONDITIONS BY AMPLITUDE AND FREQUENCY LEVELS.
Amplitude levels H M L
95.31 73.79 56.39 N-M
Frequency levels L H M
91.83 73.85 59.81 N-M
Note: Underlined means are not significantly different.
TABLE 23. DUNCAN'S MULTIPLE RANGE TEST FOR THE MAXIMUM TORQUE 
IN HARD SOIL CONDITIONS BY AMPLITUDE LEVELS WITHIN 
FREQUENCY LEVELS.
FREQUENCY = L
Amplitude levels H M L
120.97 88.68 
FREQUENCY = M
65.84 N-M
Amplitude levels H M L
71.18 61.86 
FREQUENCY = H
46.41 N-M
Amplitude levels H M L
93.79 70.83 56.92 N-M
Note: Undelined means are not significantly different.
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amplitude and frequecy were all significant, and especially 
the high speed level induced sharp changes in maximum 
torque in the presence of both amplitude and frequency 
(Figure 37 and 38, Table 24 and Table 25). Figure 37 and 
Figure 38 show that the maximum torque was highest when the 
blade traveled at high speed with high amplitude and at 
high speed with low frequency. This might be due to the 
increase in soil resistance against the digger blade for 
respective speed-amplitude and speed-frequency
combinations. The differences of means among the 
amplitude-frequency levels combination within each speed 
level are shown in Table 26.
Soft soil conditions : Amplitude and frequency were the
two major factors affecting the change of the maximum 
torque for soft soil conditions (refer to Table 27). The 
maximum torque increased from 46.28 N-M to 72.26 N-M as the 
amplitude level was increased from the low to the high 
level, and the difference in means between high and middle 
or low levels were significant. It was expected that 
higher maximum torque would be produced as the frequency 
increased. But the middle frquency gave the lowest maximum 
torque (Table 28). This trend of change in maximum torque 
by frequency levels was similar to that of the hard soil 
conditions. It was considered that there was an
intermediate frequency such that an increase in the maximum 
torque by increasing the frequency was offset by a
r
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TABLE 24. DUNCAN'S MULTIPLE RANGE TEST FOR THE MAXIMUM TORQUE IN HARD
SOIL CONDITIONS BY AMPLITUDE LEVELS WITHIN SPEED LEVELS.
SPEED = L
Amplitude levels H M L
89.93 77.31 54.67 N-M
SPEED = M
Amplitude levels H M L
88.52 73.63 55.04 N-M
SPEED = H
Amplitude levels H M L
107.49 70.43 59.46
Note: Underlined means are not significantly different.
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TABLE 25. DUNCAN’S MULTIPLE RANGE TEST FDR THE MAXIMUM TORQUE
IN HARD SOIL CONDITIONS BY FREQUENCY LEVELS WITHIN
SPEED LEVELS.
Speed = L
Frequency levels L H M
85.16 69.76 67.00 N-M
Speed = M
Frequency levels L H M
82.69_________74.75 59.86 N-M
Speed = H
Frequency levels L H M
107.74 77.04 52.58 N-M
Note: Undelined means are not significantly different.
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TABLE 26. DUNCAN'S MULTIPLE RANGE TEST PGR THE MAXIMUM TORQUE IN
HARD SOIL CONDITIONS BY AMPLITUDE-ERQUENCY LEVEL
OCM3INATIQN WITHIN SPEED LEVELS.
Speed = L
Ampli tude-Frequency level combination
H-L M-L H-H M-M H-M M-H L-L L-H L-M
108.68 83.33 82.00 79.13 79.10 69.47 63.45 57.80 42.77
Speed = M
H-L H-H M-L M-H H-M L-L M-M L-H L-M
98.88 92.63 87.63 74.92 74.05 61.25 58.35 56.70 47.17
Speed = H
H-L H-H M-L L-L M-H H-M L-H . L-M M-M
155.33 106.75 95.08 72.82 68.12 60.38 56.27 49.28 40.08
Note: Underlined means are not significantly different.
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TABLE 27. ANALYSIS CF VARIANCE FOR TOE MAXIMUM TORQUE IN SOFT SOIL 
OONDITIONS.
SOURCE DF SS MS ■ F
BLOCK 2 5998.03 2999.02 12.11 **
TREATMENT 26
AMPLITUDE 2 14619.73 7309.87 29.51 **
FREQUENCY 2 13444.36 6722.18 27.14 **
SPEED 2 117.37 58.69 < 1
A X F 4 3435.49 858.87 3.49 *
A X S 4 919.51 229.88 < 1
F X S 4 477.49 119.37 < 1
A X F X S 8 3819.22 954.81 1.93(NS)
26
BLOCK X T 40 9908.38 247.71 1.87 **
SAMPLING ERROR 69 9135.14 132.39
TOTAL 137 61892.72
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
reduction in soil resistance. The amplitude-frequency 
interaction is shown in Figure 39. The means for 
amplitude-frequency interaction are analyzed in Table 29.
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TABLE 28. DUNCAN'S MULTIPLE RANGE TEST FOR THE MAXIMUM TORQUE IN
SOFT SOIL CONDITIONS BY AMPLITUDE AND FREQUENCY LEVELS.
Amplitude levels H M L
72.26 51.32 46.28 N-M
Frequency levels L H M
70.20 57.80 46.55 N-M
Note: Underlined means are not significantly different.
TABLE 29. DUNCAN'S MULTIPLE RANGE TEST FOR THE MAXIMUM TORQUE IN 
SOFT SOIL CONDITIONS BY AMPLITUDE LEVELS WITHIN 
FREQUENCY LEVELS.
FREQUENCY = L
Amplitude levels H M L
91.38 58.77 56.64 N-M
FREQUENCY = M
Amplitude levels H M L
53.91 45.60 36.93 N-M
FREQUENCY = H
Amplitude levels H M L
71.49 51.93 43.13
Note: Undelined means are not significantly different.
k.
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Figure 39. Maximum torque in soft soil conditions showing ampli­
tude and frequency levels with standard deviations.
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5.7 Total Power Requirements
Total power is the sum of the draft power to pull the 
digger blade and the shaft power to oscillate the 
mechanism. Maximum torque and the angular speed of the 
oscillating input shaft were used to calculate the shaft
power, and draft and travel speed of the tractor were used 
for the draft power.
The total power requirement was significantly affected 
by the soil conditions (Table 30). The means of the total 
power in hard and soft soil conditions were 9.95 and 7.53 
Kw, respectively.
Hard soil conditions : Amplitude, freqency, and travel
speed were all highly significant factors for the hard soil 
conditions (Table 31), and the increase of the levels of 
each factor increased the total power requirements (Figure 
40 and Table 32). Increases in frequency generated rapid 
increases in total power. The effects of amplitude and 
frequency agreed with those reported by Tompkins and
Bledsoe (1979).
The amplitude-frequency and frequency-speed
interaction effects are shown in Figure 41 and Figure 42,
and the analysis of means is shown in Table 33 and Table
34.
■T-
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TABLE 30. ANALYSIS OF VARIANCE FOR THE OVERALL TOTAL POWER.
SOURCE DF SS IVB F
SOIL 1 433.18 433.18 12.65 *
BLOCK(SOIL) 4 136.97 34.24
TREATMENT 26
AMPLITUDE 2 568.83 284.42
FREQUENCY 2 1837.23 918.62
SPEED 2 332.29 166.15
A X F 4 91.87 22.97
A X S 4 28.01 7.00
F X S 4 31.85 7.96
A X F X S 8 61.27 7.66
26
SOIL X T 26 221.57 8.52 2.23 **
BLOCK X T(SOIL) 92 352.13 3.83 3.42 **
SAMPLING ERROR 150 167.38 1.12
TOTAL 299 4262.58
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TABLE 31. ANALYSIS OF VARIANCE FOR TOE TOTAL POWER IN HARD SOIL
CONDITIONS.
SOURCE DF SS RE ■ F
BLOCK 2 107.52 53.76 12.46 **
TREATMENT 26
AMPLITUDE 2 454.91 227.46 52.70 **
FREQUENCY 2 1377.60 688.80 159.59 **
SPEED 2 208.88 104.44 24.20 •*
A X F 4 65.25 16.31 3.78 **
A X S 4 38.20 9.55 2.21(NS)
F X S 4 62.17 15.54 3.60 *
A X F X S 8 61.35 7.67 1.78(NS)
26
BLOCK X T 52 224.44 4.32 3.38 **
SAMPLING ERROR 81 103.80 1.28
TOTAL 161 2074.12
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TABLE 32. DUNCAN’S MULTIPLE RANGE TEST FOR. THE TOTAL POWER IN HARD
SOIL CONDITIONS BY AMPLITUDE, FREQUENCY, AND SPEED LEVELS.
Amplitude levels H M L
12.04 9.87 7.94 Kw
Frequency levels H M L
14.00 8.57 7.27 Kw
Speed levels H M L
11.46 9.67 8.72 Kw
Note: Underlined means are not significantly different.
TABLE 33. DUNCAN’S MULTIPLE RANGE TEST FOR THE TOTAL POWER IN HARD
SOIL CONDITIONS BY AMPLITUDE LEVELS WITHIN FREQUENCY LEVELS.
Amplitude levels H
Frequency = L 
M L
8.99 7.27 5.56 Kw
Amplitude levels H
Frequency = M 
M L
9.81 8.93 6.97 Kw
Amplitude levels H
Frequency = H 
M L
17.33 13.40 11.28 Kw
Note: Underlined means are not significantly different.
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Figure 41. Total power In hard soil conditions showing frequency and 
amplitude levels with standard deviations.
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Figure 42. Total power in hard soil conditions showing frequency 
and speed levels with standard deviations.
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TABLE 34. DUNCAN'S MULTIPLE RANGE TEST FOR THE TOTAL POWER IN HARD
SOIL CONDITIONS BY FREQUENCY LEVEL WITHIN SPEED LEVELS.
Speed = L
Frequency levels H M L
12.01 8.25 5.89 Rv
Speed = M
Frequency levels H M L
13.87 8.48 6.66 Kw
Speed = H
Frequency levels H L L
16.14 9.26 8.97 Kw
Note: Underlined means are not significantly different.
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Soft soil conditions : The total power in soft soil
conditions was affected by amplitude, frequency, and speed
levels as shown in Table 35. Increases in the levels of
each factor increasesd the total power requirements (Figure 
43 and Table 36). The effects of frequency were similar to 
those in hard the soil conditions: rapid increases of total 
power with increasing frequency.
These effects of frequency in both soil conditions
gave a strong indication that the response of total power 
was proportional to the square of the frequency (Figure 40 
and Figure 43). The possible interpretation for these 
responses might be attributed to the increase of inertia 
forces of the vibrating blade which was proportional to the 
square of the rotational speed of the driving shaft.
The amplitude-frequency interactions are shown in 
Figure 44 and the means are analyzed in Table 37.
The composition of total power in both soil conditions 
is analyzed in Table 38. For both soil conditions, about 
80 percent of the total power was consumed by shaft power 
to oscillate the blade and 20 percent by draft power to 
pull the digger.
Detailed power requirements in hard and soft soil
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TABLE 35. ANALYSIS OF VARIANCE FOR TOE TOTAL POWER IN SOFT
SOIL CONDITIONS.
SOURCE DF SS MS F
BLOCK 2 29.45 14.73 4.61 *
TREATMENT 26
AMPLITUDE 2 160.04 80.02 25.07 **
FREQUENCY 2 521.32 260.66 81.65 **
SPEED 2 126.02 63.01 19.74 **
A X F 4 45.43 11.36 3.56 *
A X S 4 6.05 1.51 < 1
F X S 4 9.70 2.43 < 1
A X F X S 8 36.00 4.50 1.41(NS)
26
BLOCK X T 40 127.69 3.19 3.47 **
SAMPLING ERROR 69 63.58 0.92
TOTAL 137 1125.28
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Figure 43. Total power in soft soil conditions by frequency, amplitudej 
and speed levels with standard deviations.
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TABLE 36. DUNCAN'S MULTIPLE RANGE TEST FOR THE TOTAL POWER IN SOFT
SOIL CONDITIONS BY AMPLITUDE, FREQUENCY, AND SPEED LEVELS.
Amplitude levels H M L
8.97 6.71 6.48 Kw
Frequency levels H M L
10.44 6.70 5.83 Kw
Speed levels H M L
8.78 7.37 6.46 Kw
Note: Underlined means are not significantly different.
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44. Total power in soft soil conditions showing frequency and 
amplitude levels with standard deviations.
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TABLE 37. DUNCAN'S MULTIPLE RANGE TEST TOR THE TOTAL POWER IN SOFT
SOIL CONDITIONS BY AMPLITUDE LEVELS WITHIN FREQUENCY
LEVELS.
Amplitude levels H
Frequency = L 
M L
7.13 5.27 4.92 Kw
Amplitude levels H
Frequency = M 
M L
7.25 6.75 5.81 Kw
Anplitude levels H
Freauenev = H 
M L
12.53 9.36 8.37 Rw
Note: Underlined means are not significantly different.
TABLE 38. CCMPOSITION OF TOTAL POWER REQUIRED TO PULL AND VIBRATE 
THE DIGGER BLADE IN HARD AND SOFT SOIL CONDITIONS.
Hard soil conditions Soft soil conditions
Draft Shaft Draft Shaft
power power Total power power Total
1.86 Rv 8.09 Rv 9.95 Rw 1.38 Rv 6.15 Rv 7.53 Rtf
18.7 % 81.3 % 100 % 18.4 % 81.6 % 100 %
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conditions by the levels of each factor are shown in Figure 
45 and Figure 46.
r -'
k-
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Figure 45. Total power in hard soil conditions showing each combination of frequency, 
amplitude, and speed levels.
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CHAPTER IV
SUMMARY AND CONCLUSIONS
A mechanically balanced oscillating inclined digger 
blade mechanism was designed and constructed to evaluate 
the effects of vibration on soil breakup and power
requirements.
Twenty-seven combinations of three levels of each
amplitude, frequency, and forward travel speed were tested 
in two different soil conditions. The variables measured
were geometric mean diameter (GMD) and its log standard
deviation of soil clods, draft, mean torque, and maximum 
torque. Total power requirement was derived by summing 
draft and shaft power based on the draft and maximum
torque.
Conclusions for this study are based on a silt loam 
soil with moisture contents of 16 and 15 percent (w.b.), 
dry density of 1440 and 1310 Kg/m3, and cone index of 0.82 
and 0.41 MPa for hard and soft soil conditions,
respect ively.
The major conclusions are given as follows:
1. CM) and its log standard deviation were not
affected by soil conditions. Amplitude was the only factor 
to change them, and higher amplitude yielded lower GMD and
129
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log standard deviation in both soil conditions.
2. Forward travel speed and frequency were two major 
factors on draft change in each soil conditions. Draft 
increased linearly as the speed increased in both soil 
conditions. Draft was inversely proportional to the
frequency in soft soil conditions, and it increased as the 
frequency increased in hard soil conditions. It was
believed that draft would be minimized at an frequency
beyond the highest frequency, 25.7 Hz, in hard soil
conditions. Draft decreased as amplitude increased in soft 
soil conditions.
3. Mean torque was not changed by the soil
conditions, but it was significantly affected by frequency
and amplitude. Increased acceleration by applying higher
frequency and amplitude produced greater inertia forces 
which increased torque input from the tractor.
4. The vibration effect on the maximum torque was 
significant in the two different soil conditions. 
Increased amplitude yielded higher maximum torque in both 
soil conditions. The lowest maximum torque was observed at 
middle frequency, 18.0 Hz.
5. The total power requirement was significantly 
affected by the soil conditions. Frequency, amplitude, and
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
travel speed were all highly significant factors for both 
soil conditions and higher levels of each factor increased 
the total power requirement.
The response of total power was proportional to the 
square of the frequency in both soil conditions, and it was 
believed that these responses might be attributed to the 
increase of inertia forces of the vibrating blade which 
forces were proportional to the square of the rotational 
speed of the driving shaft.
About 80 percent of the total power was consumed to 
oscillate the mechcanism and 20 percent to pull the blade 
through the soil.
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CHAPTER VII
RECOMMENDATIONS
1. An experiment with no vibration treatments will 
give a better estimation of the oscillating digger
mechanism. It is recommended that the experiment be 
modified for the analysis of optimum operating conditions 
of the machine.
2. An experimental design and analysis based on the 
velocity ratio of the digger blade, the ratio of amplitude 
times angular velocity to forward speed, is recommended for 
the evaluation of the vibration effects.
3. Based on the information of this study, stress 
analysis for the design of shafts and the other machine 
elements is recommended for future work.
4. Measuring the dynamic load on the machine elements 
would give a more accurate result for the theoretical
torque analysis and machine element design based on fatigue 
failure.
5. Application of frequency levels higher than 26 Hz 
is recommended to find a frequency which begines to
decrease the draft in a soil similar to that of the hard
soil conditions used in this study.
6. The maximum torque was minimum with the 18 Hz 
frequency rather than with 26 Hz or 10 Hz in both soil 
conditions. It is recommended that an optimum frequency 
range to minimize maximum torque be found.
132
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CHAPTER IX
APPENDIX
TABLE A-l. ASSEMBLY LANGUAGE PROGRAM FOR THE DATA 
ACQUISITION FOR ONE CHANNEL.
ORG $15F2
MEM EQU $C0B0
COUT' EQU $FDED
LDX #$FF
LDA #$00
STA MEM
LDA #$70
STA MEM+1
LDA #$02
STA AI13
LDY #$00
LDA AI13+1
AND #$F0
BNE LOOP 2
LDA AI13
STA(MEM),Y
I NY
LDA AI13+1
AND #$0F
STA (MEM), Y
CLC
LDA MEM
ADC #$02
STA MEM
LDA MEM+1
ADC #$00
STA MEM+1
LDA #$B0
STA MEM+2
DEC MEM+2
BNE DELAY
DEX
BNE LOOPX
JUMP END
JUMP LOOP1
RTS
14-0
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TABLE A-2. RAW DATA FOR THE GEOMETRIC MEAN DIAMETER,
IN mm, IN HARD SOIL CONDITIONS.
A* F** s***
BLOCK I 
2**** 2
BLOCK II 
1 2
BLOCK III 
1 2
H 6.4 9.0 6.6 8.6 10.0 12.7
H M 10.9 10.0 15.0 21.0 11.8 13.5
L 14.5 10.6 13.6 11.6 11.8 11.8
H 19.0 15.8 23.2 15.3 11.7 14.5
H M M 11.5 13.5 19.5 14.7 12.3 10.6
L 9.7 7.7 20.2 27.1 9.8 9.3
H 9.1 8.4 56.0 14.7 11.7 10.8
L M 7.5 9.8 20.0 24.6 9.9 9.0
L 7.3 7.3 15.1 11.8 13.5 20.1
H 11.5 14.0 24.2 10.7 13.3 13.2
H M 10.5 10.0 21.6 23.0 18.8 21.6
L 20.0 16.5 21.1 14.5 11.7 10.7
H 8.4 8.4 18.2 25.0 12.2 9.5
M M M 20.5 9.3 17.1 19.2 8.1 9.4
L 8.5 12.9 22.7 20.4 19.6 10.8
H 9.6 6.0 18.7 17.2 11.5 21.0
L M 10.8 10.8 17.0 18.5 14.0 10.3
L 11.0 8.9 51.0 20.9 13.5 14.0
H 10.0 7.8 46.5 35.0 7.7 8.7
H M 8.9 8.4 14.1 13.8 13.0 18.1
L 16.4 18.0 22.5 38.0 14.3 16.3
H 9.2 7.8 32.0 17.9 11.0 14.2
L M M 10.3 16.0 59.0 26.4 26.0 22.3
L 11.4 15.5 22.8 14.0 21.5 19.8
H 15.3 11.4 31.3 30.8 12.7 18.0
L M 7.9 10.9 24.1 35.7 20.9 13.0
L 10.8 14.8 16.4 16.4 12.1 14.6
Note : * Amplitude levels.
** Frequency levels.
*** Speed levels.
**** Sampling number.
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TABLE A-3. RAW DATA FOR THE GEOMETRIC MEAN DIAMETER,
IN mm, IN SOFT SOIL CONDITIONS.
BLOCK I BLOCK II BLOCK III
A* F** s * * * 1**** 2 1 2 1 2
H 7.6 9.0 7.5 6.6 5.2 5.5
H M 7.4 11.6 6.0 8.6 6.4 7.8
L 18.2 9.6 6.4 6.4 9.4 7.2
H 10.0 7.7 5.4 5.4 5.8 5.8
H M M 8.4 6.9 5.7 9.0 5.3 5.3
L 8.3 6,7 13.0 13.0 5.7 6.4
H 11.8 7.5 7.6 7.5 6.3 5.8
L M 6.8 5.9 7.4 6.7 8.8 6.9
L 7.0 6.1 6.0 7.3 10.6 9.0
H 10.0 11.5 - - 5.8 6.3
H M 10.0 7.1 - - 8.6 9.3
L 6.6 5.5 - - 5.6 7.0
H 6.8 7.9 10.0 8.0 6.8 11.9
M M M 4.5 5.9 6.0 5.6 6.4 7.8
L 10.0 5.6 6.7 5.5 8.1 6.8
H 7.3 6.5 6.8 6.8 7.4 6.4
L M 13.0 6.4 5.8 6.6 7.4 7.1
L 5.3 6.7 6.7 9.0 5.0 6.3
H 8.0 11.0 - - 6.0 7.0
H M 6.1 5.3 - - 5.8 5.8
L 6.9 9.0 - - 8.3 9.3
H 6.5 7.2 _ - 5.9 6.6
L M M 20.2 5.9 - - 6.0 9.1
L 6.9 8.4 - - 11.2 15.0
H 5.4 6.2 _ — 5.4 14.0
L M 5.4 6.4 - - 9.2 7.6
L 5.6 6.6 - - 7.1 7.9
Note : * Amplitude levels.
** Frequency levels.
*** Speed levels.
**** Sampling number.
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TABLE A - 4 .  RAW DATA FOR THE LOG STANDARD D EV IA TIO N  OF GMD,
IN  mm, IN  HARD S O IL  CONDITIONS.
BLOCK I BLOCK II BLOCK III
A* p** s * * * !***« 2 1 2 1 2
H 3.7 4.5 2.2 3.6 4.8 6.1
H M 7.5 7.5 7.5 9.1 4.7 7.0
L 6.5 7.3 6.8 4.8 4.9 6.4
H 13.6 4.9 9.7 6.4 6.4 6.7
H M M 2.8 3.3 8.9 7.4 5.8 4.0
L 3.4 8.3 3.9 4.6 4.3 4.3
H 5.5 4.1 17.5 5.9 6.1 5.9
L M 5.4 4.7 12.2 10.5 4.5 5.2
L 4.7 6.0 5.9 4.7 7.4 10.1
H 7.7 7.8 10.7 4.1 8.1 4.9
H M 5.6 7.4 9.1 8.4 8.4 10.3
L 14.3 7.9 9.3 5.8 4.9 4.9
H 7.1 7.0 8.5 10.4 6.0 5.6
M M M 11.7 4.7 8.0 7.7 4.3 4.3
L 6.0 7.4 6.7 7.3 9.4 4.9
H 4.2 4.7 9.2 6.9 5.9 10.5
L M 5.7 7.5 ?.- 5 7.3 7.4 5.5
L 4.0 10.3 15.9 8.8 6.8 7.3
H 9.1 5.3 15.1 15.6 3.4 3.9
H M 5.2 5.6 7.6 8.1 7.0 7.4
L 9.9 12.6 10.1 12.3 5.7 6.9
H 6.4 5.2 13.3 7.2 5.3 6.5
L M M 6.9 9.1 16.3 9.7 9.3 9.2
L 6.7 10.3 13.4 6.2 10.2 8.0
H 13.3 7.3 14.6 12.8 8.0 10.9
L M 4.9 8.9 10.1 12.5 9.5 6.4
L 7.4 8.2 7.4 8.5 5.5 8.0
Note : ♦ Amplitude levels.
** Frequency levels.
*** Speed levels.
**»* Sampling number.
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TABLE A-5. RAW DATA FOR THE LOG STANDARD DEVIATION OF GMD,
IN mm, IN SOFT SOIL CONDITIONS.
BLOCK I BLOCK II BLOCK III
A* F** s * * * 2 1 2 1 • 2
H 4.8 5.6 6.2 5.4 2.6 3.2
H M 4.7 6.9 3.1 4.2 4.7 8.0
L 10.1 4.5 3.1 3.6 5.3 4.6
H 4.8 4.7 3.4 3.4 3.9 3.1
H M M 5.0 4.8 4.8 5.4 2.4 2.4
L 7,2 3.2 6.9 6.9 3.0 4.1
H 6.0 4.0 5.1 4.5 4.2 5.2
L M 4.6 4.2 4.4 3.0 5.8 4.6
L 4.9 3.9 3.8 3.0 7.7 7.1
H 6.4 7.2 - - 3.9 3.3
H M 5.1 3.8 - - 4.9 4.4
L 5.5 5.2 - - 5.0 3.4
H 3.7 4.8 6.2 4.8 3.6 6.4
M M M 4.4 3.8 3.7 3.1 3.9 6.2
L 4.8 3.1 3.9 3.8 5.7 5.0
H 3.6 4.2 4.7 4.4 6.7 6.0
L M 6.5 4.2 3.3 3.6 5.2 4.9
L 3.9 3.6 4.4 3.5 4.0 5.6
H 7.1 5.7 - - 3.3 4.8
H M 4.2 3.6 - - 3.8 3.8
L 5.3 5.3 - - 5.1 5.9
H 4.3 4.7 _ _ 4.1 4.4
L M M 9.1 3.4 - - 5.0 5.7
L 5.0 5.2 - - 2.9 3.4
H 3.5 4.0 _ — 4.2 14.0
L M 3.6 4.3 - - 5.3 4.3
L 3.8 4.5 - - 4.4 6.4
Note : * Amplitude levels.
** Frequency levels.
*** Speed levels.
**** Sampling number.
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TABLE A - 6 .  RAW DATA FOR THE DRAFT, IN  NEWTONS, IN  HARD
SO IL  C O N D IT IO N S .
A* F**
BLOCK I 
S*** 1**** 2
BLOCK II 
1 2
BLOCK III 
1 2
H 4462 5232 5750 6506 2360 2510
H M 3068 3146 2820 2992 1930 1416
L 1822 1968 2514 2388 2234 2234
H 3242 3098 4028 4080 2832 2038
H M M 2364 2792 3208 3182 1950 2282
L 2024 2104 2076 1872 1260 1414
H 2326 3688 2802 2534 2420 2600
L M 2358 2904 2296 2760 1950 2454
L 2746 2522 1514 2548 1966 2002
H 4564 4106 4186 3826 2872 2264
H M 3400 3308 2670 3242 2026 1972
L 1856 1792 3316 3194 1802 1512
H 3052 3360 3612 4206 3176 3132
M M M 3150 3226 3276 3372 2380 2420
L 2290 2494 2418 2202 1974 1552
H 4490 4616 2400 2320 2604 2772
L M 2730 2492 2556 2144 3404 4394
L 2342 2404 1928 2176 1924 2200
H 2664 3488 4918 4664 3630 2896
H M 3064 3004 3218 3868 2968 2812
L 2042 2184 3050 3044 2040 2150
H 3264 3052 3408 3308 2476 2750
L M M 2380 2342 2436 2654 2384 2554
L 2454 2184 2544 2266 2158 2116
H 3128 2462 2482 2830 2608 2624
L M 2468 2198 2140 2106 2156 2546
L 1546 1652 2808 2210 2030 2034
Note : * Amplitude levels.
** Frequency levels.
*** Speed levels.
***♦ Sampling number.
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TABLE A - 7 .  RAW DATA FOR THE DRAFT, IN  NEWTONS, IN  SOFT
S O IL  C O N D IT IO N S.
A*
BLOCK I 
F** §*** j**** 2
BLOuri 11 
1 2
BLOCK III 
1 2
H 1284 1550 1976 1908 2240 2794
H M 1168 970 2080 1652 654 928
L 664 742 1556 1480 1078 1154
H 2026 1438 1776 1586 3152 3090
H M M 1804 1806 1174 1554 2084 1756
L 1026 784 1010 1250 1206 1240
H 1664 1788 2688 1946 3122 3598
L M 2458 2450 2394 2512 3052 3260
L 1560 1722 1170 1414
•
1378 1790
H 1764 1966 - - 2638 1956
H M 1238 1468 - - 768 1318
L 698 744 - - 648 812
H 2822 3158 3140 3194 1166 4414
M M M 2824 2232 2344 2122 2672 2184
L 1362 1130 1234 1692 1312 1416
H 2608 2774 2436 2444 2724 2280
L M 2380 2348 2238 2898 1428 1620
L 2358 2712 2444 2054 2434 2592
H 2730 3146 - 2236 2920
H M 918 812 - 3348 2866
L 808 892 - 1338 1520
H 2308 2662 _ 4818 4790
L M M 1194 818 - 2502 2202
L 1054 1450 - 1080 1376
H 2880 3126 - 2568 2916
L M 2224 2198 - 2928 2848
L 1578 2610 - 2510 2304
Note : * Amplitude levels.
** Frequency levels.
*** Speed levels.
**** Sampling number.
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TABLE A - 8 .  RAW DATA FOR THE MEAN TORQUE, IN  NEWTON-
METERS, IN  HARD S O IL CO N DITIO NS.
A*
BLOCK I 
p** S*** 1**** 2
BLOCK II 
1 2
BLOCK
1
III
2
H 63.3 70.4 73.8 86.9 35.0 34.9
H M 55.8 57.9 49.2 52.4 34.6 30.9
L 45.5 47.6 49.0 46.4 43.9 44.5
H 27.8 28.0 38.9 38.1 17.2 17.7
H M M 31.5 30.1 32.9 33.4 19.0 21.7
L 35.2 35.7 33.1 33.6 25.4 25.9
H 30.1 33.3 21.1 20.7 10.1 13.0
L M 21.1 20.9 20.1 22.3 10.8 14.6
L 27.3 25.1 18.0 27.2 17.7 13.8
H 42.1 45.3 36.5 37.1 30.4 30.2
H M 46.4 43.1 39.7 39.4 33.1 34.7
L 28.3 26.0 49.3 45.0 34.2 32.6
H 23.9 27.2 31.5 31.7 18.0 18.0
M M M 27.0 29.1 28.3 27.5 18.3 17.8
L 29.9 27.5 35.8 37.6 21.2 20.4
H 27.3 26.0 22.7 20.9 14.1 12.7
L M 16.9 20.2 18.3 23.0 12.2 17.2
L 21.9 24.1 23.6 16.6 11.2 12.7
H 24.4 26.7 36.0 29.2 20.7 20.7
H M 29.9 30.4 32.5 33.3 20.9 21.4
L 29.1 28.4 34.7 34.2 23.8 23.6
H 21.4 21.9 24.4 34.9 18.0 17.7
L M M 21.4 22.5 17.2 15.9 16.7 15.6
L 24.4 19.4 18.8 19.1 18.5 18.0
H 18.3 18.2 13.7 14.9 16.2 17.4
L M 12.7 13.7 14.1 16.6 14.0 15.6
L 18.3 15.3 15.1 13.2 17.7 16.1
Note : * Amplitude levels.
** Frequency levels.
*** Speed levels.
**** Sampling number.
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T A B L E  A - 9 .  RAW DATA FOR TH E MEAN TO R Q U E, IN  N EW TO N -M ETERS,
IN  SO FT S O IL  C O N D IT IO N S .
BLOCK I BLOCK II BLOCK III
A* F** S*** 1*#** 2 1 2 1 2
H 36.5 36.0 51.4 43.9 37.1 44.8
H M 36.8 33.3 45.3 41.9 27.8 30.1
L 32.1 32.9 42.4 44.0 29.7 30.4
H 21.2 19.3 26.5 26.7 23.5 23.0
H M M 25.4 24.1 26.4 26.4 23.5 22.0
L 26.7 23.8 31.2 29.9 24.3 24.3
H 10.3 12.7 23.6 19.6 17.7 16.1
L M 17.2 19.6 26.8 27.6 18.3 18.2
L 18.0 20.1 22.5 23.6 16.6 20.1
H 23.3 24.7 - - 27.3 24.9
H M 28.0 28.3 - - 23.1 28.6
L 25.7 26.2 - - 23.0 23.5
H 24.3 25.1 18.2 19.0 26.8 30.2
M M M 21.2 19.3 18.0 17.0 18.5 15.9
L 21.1 19.8 19.9 21.4 19.0 20.1
H 13.0 13.7 11.2 11.4 13.3 13.7
L M 12.5 15.9 12.1 13.8 12.9 13.3
L 16.9 16.9 12.2 13.7 16.1 17.2
H 29.4 26.4 - - 17.0 19.1
H M 17.4 17.4 - - 22.2 20.9
L 22.3 22.3 - - 21.1 20.4
H 14.0 15.3 _ _ 25.2 24.7
L M M 13.5 12.1 - - 12.4 11.6
L 14.1 14.8 - - 10.3 11.1
H 13.0 14.0 _ _ 11.2 12.2
L M 13.5 10.9 - - 10.3 13.0
L 13.7 12.9 - - 11.2 12.7
Note : * Amplitude levels.
** Frequency levels.
*** Speed levels.
**** Sampling number.
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T A B LE  A - 1 0 .  RAW DATA FOR TH E  M A XIM U M  TO R Q U E, IN  NEW TON-
M E T E R S , IN  HARD S O IL  C O N D IT IO N S .
BLOCK I BLOCK II BLOCK III
A* F** S*** j**** 2 1 2 1 2
H 107.9 116.5 119.9 136.9 76.5 82.8
H M 99.0 98.2 103.7 93.5 76.7 84.7
L 83.2 89.8 80.2 75.5 80.4 82.9
H 69.9 63.3 48.5 77.1 41.0 62.5
H M M 77.6 85.3 68.0 68.6 75.5 69.3
L 98.2 98.2 66.7 67.5 82.1 61.9
H 139.8 187.2 173.4 169.5 105.6 156.5
L M 98.8 158.5 142.9 69.3 45.2 78.6
L 128.6 111.4 85.8 133.5 99.6 93.2
H 70.9 76.7 75.2 64.6 61.7 59.6
H M 82.6 75.4 76.0 86.1 61.7 67.7
L 72.3 68.9 83.4 71.2 61.1 59.9
H 44.4 49.0 54.8 59.6 39.7 41.0
M M M 51.9 57.0 74.1 52.9 61.2 53.0
L 79.7 68.6 97.7 101.2 70.1 57.5
H 114.6 107.2 108.5 73.0 64.4 102.8
L M 95.8 81.0 83.2 70.9 75.5 119.4
L 87.7 92.4 104.6 88.2 63.8 63.3
H 50.8 57.0 63.3 63.8 47.9 54.8
H M 58.5 59.1 60.1 61.4 47.9 53.2
L 53.0 56.7 64.6 61.1 52.4 59.0
H 44.0 44.2 52.5 55.4 46.4 53.2
L M M 40.3 45.2 58.2 51.4 35.4 52.5
L 39.9 40.7 45.5 45.3 43.4 41.8
H 81.2 84.0 50.5 77.8 72.5 70.9
L M 35.7 79.5 54.3 63.5 62.5 72.0
L 83.6 44.2 69.7 54.0 72.2 57.0
Note : * Amplitude levels.
** Frequency levels.
*** Speed levels.
**** Sampling number.
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TABLE A - l l .  RAW DATA FOR THE MAXIMUM TORQUE, IN  NEWTON-
METERS, IN  SOFT S O IL  C O N D IT IO N S .
BLOCK I BLOCK II BLOCK III
A* F** 5*** j**** 2 1 2 1 2
H 65.6 76.8 92.2 78.4 66.7 82.6
H M 73.4 66.9 90.0 83.6 51.4 53.2
L 55.6 58.5 86.1 88.1 60.1 57.7
H 45.6 46.0 57.5 55.8 55.3 48.7
H M M 53.2 45.8 49.3 61.7 52.7 46.3
L 64.8 52.4 61.1 64.6 56.9 52.7
H 118.9 64.1 101.4 121.5 133.7 60.1
L M 121.0 92.6 128.4 114.6 68.3 68.8
L 56.9 85.2 86.3 112.7 55.4 55.0
H 47.9 57.5 - - 56.9 47.2
H M 59.5 57.2 - - 46.3 63.3
L 50.9 47.2 — - 43.2 46.0
H 42.1 53.0 43.1 54.6 55.0 51.3
M M M 48.4 43.4 36.2 41.0 41.0 40.2
L 41.9 49.0 42.7 48.7 43.7 45.5
H 55.4 51.9 38.4 44.8 45.6 36.8
L M 63.2 76.0 42.6 53.4 53.5 52.4
L 67.5 113.6 41.1 57.7 62.4 63.3
H 54.3 54.3 - - 38.2 38.1
H M 38.2 40.3 - - 43.5 42.6
L 42.1 42.1 - - 41.3 42.6
H 35.5 39.1 _ _ 43.7 55.1
L M M 35.3 36.6 - - 45.2 29.7
L 30.9 32.0 - - 27.2 32.6
H 58.7 71.2 _ _ 33.9 55.1
L M 73.4 62.7 - - 31.0 58.8
L 71.2 78.4 - — 50.1 60.7
Note : * Amplitude levels.
** Frequency levels.
*** Speed levels.
**** Sampling number.
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TABLE A-12. RAW DATA FOR THE GEOMETRIC MEAN DIAMETER, LOG 
STANDARD DEVIATOIN OF GMD, AND DRAFT IN HARD 
SOIL CONDITIONS WHEN THE DIGGER WAS OPERATED 
WITHOUT VIBRATION.
GMD
(MM)
LOG STD DEVIATION 
(MM)
DRAFT
(NEWTONS)
FORWARD SPEED 1* 2 1 2 1 2
HIGH 12.7 20.0 8.1 9.0 3833 2995
MIDDLE 50.8 18.0 6.5 9.0 3898 2286
LOW 100.0 100.0 26.3 26.3 3266 2793
Note : * Sampling Number.
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